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SUMMARY 
We r e p o r t  h e r e  t h e  r e s u l t s  o f  measurements  o f  (1) t h e  
f a s t  n e u t r o n  f l u x  and e n e r g y  s p e c t r a  n e a r  t h e  t o p  and above 
t h e  e a r t h ' s  a tmosphere  and (2) t h e  e l e c t r o n  d e n s i t y  i n  t h e  
i o n o s p h e r e .  O b s e r v a t i o n s  were  made b o t h  on r o c k e t  and b a l -  
l o o n  f l i g h t s  a t  s e v e r a l  d i f f e r e n t  epochs  and a t  a r ange  o f  
g e o g r a p h i c  l a t i t u d e s ,  
The f i r s t  measurements  o f  t h e  cosmic-ray n e u t r o n  f l u x  
3 
above t h e  a tmosphere  were  made w i t h  a s t a n d a r d i z e d  H e  p ro -  
p o r t i o n a l  c o u n t e r  e n c a s e d  i n  a p o l y e t h y l e n e  m o d e r a t o r  which , 
i n  t u r n ,  w a s  s u r r o u n d e d  by c h a r g e d  p a r t i c l e  c o u n t e r s  t o  re- 
j e c t  n e u t r o n  e v e n t s  a s s o c i a t e d  w i t h  n e u t r o n  p r o d u c t i o n  i n  
t h e  n e u t r o n  d e t e c t o r  assembly  by  g a l a c t i c  and  s o l a r  cosmic 
r a y s .  
geomagnet ic  l a t i t u d e s  on Nike-Apache and Nike-Tomahawk r o c k e t  
v e h i c l e s .  The n e u t r o n  l e a k a g e  f l u x e s  a t  t h e s e  l a t i t u d e s  w e r e  
0 .08  5 0.02 ,  0 . 2 1  0.03, 0.115 2 0 .06 ,  and 0 .85  * 0.12 cm-*sec-l 
i n  t h e  e n e r g y  r a n g e  1 0  $ 0  5 x lo6,,. T h i s  l a t i t u d e  e f f e c t  is 
a b o u t  1 0 / 1 9  l e s s  t h a n  t h e  13 /1  r a t i o  c a l c u l a t e d  t h e o r e t i c a l l y .  
F l i g h t s  were  made from 1965-1967 a t  0 ,  2 0 ,  50 and 70' 
These  r e s u l t s  0n t h e  l a t i t u d e  dependence o f  t h e  cosmic 
n e u t r o n  l e a k a g e  f l u x  i n d i c a t e d  ' t he  i m p o r t a n c e  o f  d e t e r m i n i n g  
t h e  n e u t r o n  e n e r g y  s p e c t r u m  be tween 1 and 50 M e V ,  A f a s t  
n e u t r o n  gamma d e t e c t o r  w a s  d e s i g n e d  f o r  s p a c e  a p p l i c a t i o n s  
-1- 
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!- 
T h i s  i n s t r u m e n t  i n c l u d e d  a h i g h l y  e f f i c i e n t  4lI c h a r g e d  p a r t i c l e  
s h i e l d ,  a p u l s e - s h a p e  d i s c r i m i n a t o r  t o  s e p a r a t e  n e u t r o n s  from 
gamma-rays i n  t h e  e n e r g y  r ange  1-50 MeV and 1-7 M e V  r e s p e c t i v e l y ,  
a n  i n - f l i g h t  c a l i b r a t o r ,  a n d ,  most i m p o r t a n t l y ,  p r o v i d e d  f o r  
s e p a r a t e l y  e x t r a c t i n g  t h e  r e c o i l  p r o t o n ,  a l p h a  p a r t i c l e  and  
Compton e l e c t r o n  s p e c t r a  from which t h e  n e u t r o n  and  gamma-ray 
s p e c t r a  can b e  u n f o l d e d .  The  f i r s t  b a l l o o n  f l i g h t  of t h i s  
d e t e c t o r  w a s  made from P a l e s t i n e ,  Texas ,  on September  7 ,  1968, 
and  t h e  n e u t r o n  e n e r g y  s p e c t r u m  i n  t h e  a tmosphere  a t  P f o t z e r  
maximum ( “ 1 0 0  g /cm2)  was measured  from 3 t o  20 MeV.  The s l o p e  
o f  t h e  d i f f e r e n t i a l  n e u t r o n  e n e r g y  spectrum(* = F ( E ) / E  B ( E )   
d e c r e a s e d  from a b o u t  4.0 f 1.0 between 3-6 MeV t o  1.2 k 0.5 
between 12-20 M e V .  S i n c e  t h i s  n e u t r o n  e n e r g y  s p e c t r u m  i s  
c o n s i d e r a b l y  s t e e p e r  t h a n  p r e v i o u s l y  measured  s p e c t r a ,  f u r t h e r  
o b s e r v a t i o n s  are b e i n g  conduc ted .  
P r o p a g a t i o n  e x p e r i m e n t s  i n  t h e  1 MHz and 3 MHz r ange  were 
u t i l i z e d  t o  d e t e r m i n e  e l e c t r o n  d e n s i t y  d i s t r i b u t i o n s  i n  t h e  
l o w e r  i o n o s p h e r e .  From t h e  Fa raday  r o t a t i o n  data o b t a i n e d  
from t h e  r o c k e t  t e l e m e t r y  s i g n a l  a n d  t h e  l i n e a r l y  p o l a r i z e d  
ground-based t r a n s m i s s i o n  are u s e d  i n  t h e  a p p r o p r i a t e  t h e o -  ri 
r e t i c a l  e q u a t i o n s  t o  deduce an e l e c t r o n  d e n s i t y  o f  a b o u t  
5 x l o 4  e m m 3  a t  100 km and l o 2  cmo3 a t  65 km, 
The c h a r g e d  p a r t i c l e  s p e c t r a  o b t a i n e d  on a r o c k e t  f l i g h t  
a t  F t .  C h u r c h i l l  were u s e d  t o  c a l c u l a t e  t h e  e l e c t r o n  p r o d u c t i o n  
3 
i n  t h e  lower ionosphere.  S ince  t h e  e l e c t r o n  d e n s i t y  was be ing  
measured s imultaneous ly  with  a Faraday r o t a t i o n  experime'nt , 
t h e  e f f e c t i v e  recombination c o e f f i c i e n t  ( t h e  r a t i o  o f  the  
e l e c t r o n  production t o  t h e  e l e c t r o n  density squared) was deter-  
mined t o  be approximately 6 x lo-' cm3 s e c - l  a t  65  km. 
4 
INTRODUCTION 
I n  t h i s  i n v e s t i g a t i o n  w e  have measured:  
1. %he f a s t  n e u t r o n  flux and e n e r g y  a p e c t r a  n e a r  
t h e  t o p  o f  and  above t h e  a tmosphe re ;  
2. e l e c t r o n  d e n s i t y  measurements  i n  t h e  i o n o s p h e r e ;  
3 .  s o l a r  X-rays;  a n d  
4. s o l a r  u l t r a v i o l e t  r a d i a t i o n .  
We have c o l l e c t e d  i n  t h i s  r e p o r t  a l l  t h e  p u b l i c a t i o n s  
p e r t a i n i n g  t o  t h e  above i n v e s t i g a t i o n s  and  have  a r r a n g e d  them 
c h r o n o l o g i c a l l y  i n t o  two g roups  : cosmic-ray n e u t r o n  and  
i o n o s p h e r i  c measurements .  
COSMIC-RAY NEUTRON PUBLICATSONS 
J. A,  Lockwood et al. 
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DESIGN OF A NEUTRON M O N I T O R  FOR MEASUREMENTS I N  SPACE 
J, A .  Lockwood and L.  A .  F r f l i n g  
U n i v e r s i t y  o f  New Hampshire 
Physfca ~~~~~t~~~~ 
Durham, New Hampshire 
ABSTRACT 
A s t u d y  h a s  b e e n  made of  s u i t a b l e  n e u t r o n  d e t e c t i n g  s y s t e m s  
f o r  s p a c e  measurements .  A s  a r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  a 
n e u t r o n  m o n i t o r ,  c o n s i s t i n g  of a He3 p r o p o r t i o n a l  c o u n t e r  en- 
c a s e d  i n  a p o l y e t h y l e n e  modera to r  wh ich ,  i n  t u r n ,  i s  s u r r o u n d e d  
by cha rged  p a r t i c l e  c o u n t e r s ,  h a s  been  c o n s t r u c t e d  and t e s t e d .  
The e f f i c i e n c y  of t h i s  n e u t r o n  d e t e c t o r  s y s t e m  i s  2.0 c o u n t s /  
neu t ron /cm2  f o r  1 4  MeV n e u t r o n s  a n d  20 c t s / n / c m 2  a t  t h e r m a l  
e n e r g i e s .  The e l e c t r o n i c s  sys t em i s  d e s i g n e d  t o  r e j e c t  n e u t r o n  
e v e n t s  o c c u r r i n g  w i t h i n  200 mic roseconds  a f t e r  a c h a r g e d  p a r t i c l e  
c o u n t e r  i s  t r i g g e r e d ,  t h e r e b y  p r o v i d i n g  d i s c r i m i n a t i o n  a g a i n s t  
n e u t r o n  p r o d u c t i o n  i n  t h e  d e t e c t o r .  
A L i 6 1  s c i n t i l l a t o r  e n c a s e d  i n  a p l a s t i c  s c i n t i l l a t o r  
which a c t s  as b o t h  a m o d e r a t o r  f o r  t h e  n e u t r o n s  and a c h a r g e d  
p a r t i c l e  d e t e c t o r  h a s  a l s o  been  b u i l t  and t e s t e d .  T h i s  d e t e c t o r  
sys t em w a s  n o t  a d o p t e d  now as " s p a c e  n e u t r o n  mon i to r "  b e c a u s e  
p u l s e  s h a p i n g  c i r c u i t s  were r e q u i r e d  and t h e  r e j e c t i o n  o f  gamma 
r a y  e v e n t s  w a s  n o t  as good as f o r  t he  H e 3  d e t e c t o r  sys t em.  
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Studies  have a l s o  been made o f  d e t e c t o r s  f o r  f a s t  neutron 
measurements and d i r e c t i o n a l  neutron f l u x e s .  
NEUTRON ALBEDO MEASUREMENTS ON ROCKET FLIGHTS 
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Neutron Albedo Measurements on Ro 
J. A ,  Lockwood, L. Friling, T. Wilso 
University of New Hampshire 
Durham, New Hampshire 
Introduction: 
. Neutrons are produced by the interaction of the cosmic 
radiation with nuclei in the earthOs atmosphere, and a fraction 
of these neutrons leak out from the atmosphere, giving rise to 
the earth's neutron albedo. The decay of some of these neu- 
trons within the magnetosphere can supply part of the protons 
and electrons trapped in the Van Allen radiation belts" (Singer, 
1958) .  Any evaluation of the trapping mechani,sm for charged 
particles from this source will require knowledge of the neu- 
tron energy spectrum and flux, as well as the spatial and tem- 
poral variations. 
The present experiment, designed to measure the integrated 
flux of neutrons with energies up to-15 MeV, consists of  a 
moderated lie proportional counter for neutron detection sur- 
rounded by a ring of' charged-particle detectors to count and 
discriminate against protons and alpha-particles that can pro-  
duce neutrons in the detector assembly, This detecting system 
3 
was flown on four rocket flights in 1965 at geomagnetic lati- 
tudes of Oo, 1g0, 'and 49' and essentially the '  same longitude, 
Table I gives the launch dates, latitudes, longitudes, 
and gated counting rates. 
a 
Table 1. Summary of Neutron Albedo Measurements 
Geographic Geomagnetic 
Launch Date Latitude Longitude L a t i t u d e  C oun t c / : g  e c 
3 February 1965 38.0' N 7545O w 49 . 4$' N 2 * 3  
3.8013 UT 
2 April 1965 12.0° s 78.2' W 0.6's 0.54 
1320 UT 
5 April 1965 
1942 UT 
13 April 1965 
1711 UT 
60.0' 78.0' W 
1g.o0 s 
48.5' S 
0.8'5 
2 . 7  
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Experimental Method: 
The basic detector, shown in Figure 1, consists o f  a He 3 
proportional counter for neutron detection, encased in a poly- 
ethylene moderator approximately 7/8 inch thick. The Sylgard 
used as a potting.compound for high voltage insulation and 
interstitial s u p p o r t  also acts as a moderator, especially at 
3 the ends o f  the tube array. The He counter is one inch in 
diameter, 4 inches in active length, and is filled to a 
pressure of .  10 atmospheres. The proportional counters sur- 
rounding the polyethylene moderator are 1/2 inch in diameter 
by 7 inches active length, are filled with a mixture of argon 
and methane, and are operated in the semi-proportional region. 
This experimental arrangement is a modification of the units 
flown previously on polar-orbiting satellites (Trainor and 
Lockwood, 1964). 
The four separate banks of five counters each are operated in 
two coincidence arrays composed of opposite banks, and the separ- 
ate outputs also added serially, The output pulses from both 
the add and coincidence modes are scaled and fed to the tele- 
metry, as well as being used to trigger a univibrator which 
blanks certain neutron channelso The blanking time is set f o r  
200 psec, which is estimated to be greater than three times the 
half-life of neutrons in the detecting system. Within the add mode 
circuit a binary stage provides an additional 200 psec of blanking 
time to discriminate against two charged-particle events occurring 
within 200 bsec. Outputs from the total and from both gated modes 
of the He3 counter are scaled and fed t o  the'telemetry system. 
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The neutron detector assembly is located as far forward as 
possible, away from dense and hydrogeneous materials in which 
neutrons might be produced. The clamshell nose cone section, 
which surrounds the detector, is jettisoned above the atmosphere 
to remove a significant source of neutron production. 
The detecting system was calibrated by exposing the complete 
detector assembly to fluxes of gamma rays and neutrons. The 
gamma-ray response of the detedtor was measured with a calibrated 
Co60 source and was found to be negligible. Neutrons of different 
energies were produced by a calibrated Ra-Be source and a 400 Kev 
Van de Graaff accelerator. The accelerator provided a source o f  
nearly monoenergetic neutrons at 1 4 , 1 i 9  5.2, 2.9, and 0.11 MeV. The 
absolute neutron fluxes were determined by foil activation tech- 
niques, and an associated particle detecting system, as well as the 
calibrated Ra-Be neutron source. A standard long counter (Hanson 
and McKibben, 1 9 4 7 )  was used as a monitor during the accelerator 
runs. The neutron energy calibration is summarized in Figure 2. 
The directional response of the complete sensor, measured at 
2 . 9  MeV, is shown in Figure 3. The slight asymmetry in the angular 
response is due to the high voltage package, which is potted and 
located directly below the detector assembly. 
Using the calibration curve in Figure 2 and the enerGy 
spectrum given by Lingenfelter (1963), the counting rate of the 
detector assembly can be converted to a neutron flux. If the 
differential neutron flux in neutrons/cm2 sec Mev is given'by 
j ( E )  and the response of the detector in counts/cm2" is given by 
S ( E ) ,  the mean response of the detector is : 
11 
- C = J(E)S(E)dE (counts/neutron/cm2) . For the detectors 
flown S = 5.5 
It should 
5 7 10 < En < 10 
Lingenfelter's 
2 cm a 
be noted that the energy calibration in the ranp;e 
ev is most important, because according to 
spectrum (1963), two-thirds of the neutron flux 
. 
lies in this range, whereas only one-tenth lies below 3 x lo3 ev 
and one-tenth above 3.5 x 10 ev, 6 
Results - of Neutron Albedo Measurements: 
The gated neutron counti'ng rates for the He3 detector as- 
sembly are sh0wn.h Figure 4.  No correction has been applied for 
the altitude above the earth (Ness et al., 1961), because the 
counting rates shown represent the integrated rate above 2 x105 ft. 
for the flights. The background effects as measured are nefllible. 
The error f l ags  represent the statistical standard deviation for 
each flight and a small error from the intercalibration of the 
flight units, The latitude effect f o r  the gated neutron counting 
rate between 50' and 0' geomagnetic latitude is 4 : l .  
neutron leakage flux f o r  solar minimum (Lingenfelter, 1963) is 
indicated in Figure 4 by the smooth curve normalized to the ex- 
perimental value at 0'. 
The calculated 
When measuring a neutron f l u x  in the presence of a background 
of energetic charged particles (To&lOO Mev), local production of 
neutrons must always be evaluated. Table 11 lists the contribution 
to the counting rates from the principle sources of.loca1 pro-  
duction at the different latitudes, The method used to calculate 
the neutron production is essentially the same as that outlined by 
Trainor and Lockwood (1964). However, in the present calculation, 
12 
several refinements have been added to improve the accuracy. 
These refinements include: (1) the energy variation of the prima- 
ry cosmic radiation was taken into account, rather than assuming 
it to be a monoenergetic flux; (2) the interactions of primary 
alpha particles were included; ( 3 )  the secondary neutron pro -  
duction by fast knock-on particles (cascade protons) was evalu- 
ated; and ( 4 )  an energy distribution for the evaporation neutrons 
was folded into the known energy response of the detector. Since 
the difference between the gated and the total neutron counting 
rates is due to neutron production in the detector assembly, we 
can compare this measured quantity with the calculated production 
Zn the module due to primary cosmic radiation. The last column 
in Table I1 gives the above measured production rate. The agree- 
ment is good considering the large uncertainties in the differences 
f o r  such low counting rates. During none of the flights was the 
neutron channel gated off more than three percent of the time, 
which is within the statistical errors, For  the low counting rates 
obtained, no estimate could be made of local production in the nose 
cone assembly from the difference in counting rates before and after 
ejection. The two gated neutron counting rates were essentially the 
s,ame, indicating that most of the charged particles were primary 
cosmic rays, 
By converting the neutron counting rates to a neutron flux, .the 
results can be compared with calculations of Lingenfelter ( 1 9 6 3 )  and 
' $  
other experimental results, fn Figure 5 is shown the neutron flux 
values from these flights as a function of geomagnetic latitude. 
The error flags indicated include statistical; intercalibration and 
absolute calibration errors, The smooth curve is the calculated 
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flux o f  Lingenfelter at minimum solar activity. At low latitudes 
the measurements and the calculations agree. At higher latitudes, 
however, the measured values fall slightly below the calculated 
f l u x .  
The data of Figure 5 have been replotted in Figure 6 with 
other comparable neutron measurements above the atmosphere added. 
Again there is good agreement among the experimental measurements 
at the low latitudes. The results of Albert et al. (1962) on 
polar-orbiting satellites, and of Williams.and Bostrom (1964) on 
the Traac satellite have not been included because in both cases 
l o c a l  production effects were large. The excellent fast neutron 
measurements by Haymes (1964) and Mendell and Korff (1963) near 
the top of the atmosphere have n o t  been included either, because 
it is difficult to extrapolate these results above the atmosphere. 
The smaller latitude effect measured by Trainor and Lockwood 
(1964) on the polar-orbiting satellites is no t  fully understood. 
In conclusion, there is reasonable agreement at low lati- 
tudes among the measurements of neutron albedo fluxes and calcu- 
lated and experimental values, 
neutron leakage flux is still uncertain. 
higher latitudes are now being made to determine this quantity. 
Clearly, further measurements with more efficient detecting 
systems which include methods to determine the neutron energy 
distribution are needed for the energy interval lo5 
The latitude dependence of the 
I ,  
More rocket flights at 
Eh < IO7 ev. 
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F i g u r e  C a p t i o n s  
F i g u r e  1. Schematic diagram o f  t h e  He3 n e u t r o n  d e t e c t i n g  s y s t e m .  
2. E f f i c i e n c y  o f  t h e  H e 3  n e u t r o n  d e t e c t o r  s y s t e m  as a 
f u n c t i o n  o f  n e u t r o n  e n e r g y  f rom t o  10 e v ,  
3 .  D i r e c t i o n a l  r e s p o n s e  of t h e  n e u t r o n  d e t e c t o r .  0' i s  
a l o n g  t h e  axis of He3 p r o p o r t i o n a l  c o u n t e r .  
7 
4, The gated n e u t r o n  c o u n t i n g  r a t e  above  t h e  a t m o s p h e r e  
f o r  t h e  f o u r  f l i g h t s .  The smooth c u r v e  i s  t h e  cal- 
c u l a t e d  n e u t r o n  leakage a t  solar minimum (Lingen-  
f e l t e r ,  1963) n o r m a l i z e d  t o  t h e  e x p e r i m e n t a l  data  
5. The measured  n e u t r o n  a l b e d o  f l u x  above  t h e  a tmosphe re .  
a t  t h e  e q u a t o r .  ? f  
I 
The smooth c u r v e  is t h e  c a l c u l a t e d  n e u t r o n  leakage a t  
so l a r  minimum . ( L i n g e n f e l t e r ,  1963). 
phere ,  The c a l c u l a t e d  n e u t r o n  a lbedo a t  b o t h  s o l a r  
maximum and minimum i s  i n d i c a t e d  ( L i n g e n f e l t e r ,  1963). 
6. The measured  n e u t r o n  a l b e d o  f l u x  above  t h e  atmos-  
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ABSTRACT 
Measuremerlts have  been  made o f  t h e  n e u t r o n  i n t e n s i t i e s  
3 above t h e  a tmosphe re  a t  r o c k e t  a l t i t u d e s  w i t h  a modera t ed  He 
n e u t r o n  d e t e c t o r ,  The H e 3  p r o p o r t i o n a l  c o u n t e r  waa e n c a s e d  
i n  a p o l y e t h y l e n e  m o d e r a t o r ,  a n d  t h e  m o d e r a t o r  a n d  n e u t r o n  
d e t e c t o r  were s u r r o u n d e d  by a r i n g  o f  c h a r g e d  p a r t i c l e  
c o u n t e r s  t o  d i s c r i m i n a t e  a g a i n s t  n e u t r o n s  p roduced  i n  t h e  
d e t e c t o r  assembly  by g a l a c t i c  and  s o l a r  cosmic  r a y s .  F l i g h t s  
were made f rom 1965-1967 a t . 0 ,  20, 50,  and  70' geomagnet ic  
l a t i t u d e s  (A),, The n e u t r o n  c o u n t i n g  r a t e s  a t  t h e s e  l a t i t u d e s  
a r e  0,3, <0.7, 1 . 7 ,  and  3.0 set"* 
b e  c o n v e r t e d  t o  a n e u t r o n  l e a k a g e  f l u x  i n  t h e  e n e r g y  r a n g e  1 0  
t o  5 x 1 0  e v ,  u s i n g  t h e  n e u t r o n  d e t e c t o r  c a l i b r a t i o n  c u r v e  
These  c o u n t i n g  r a t e s  can  
6 
and  L i n g e n f e l t e r e s  c a l c u l a t e d  n e u t r o n  e n e r g y  s p e c t r u m s  a t  
d i f f e r e n t . 1 a t i t u d e s .  The n e u t r o n  l e a k a g e  f l u x  i s  0.08 2 0.02 
and 0.80 i: 0.10 neu t rons / cm2  sec  a t  X = 0' a n d  X = 70 r e =  
s p e c t i v e l y ,  ' T h i s  l a t i t u d e  e f f e c t  i s  a b o u t  l O / l ,  l e s s  t h a n  
t h e  13/1 r a t i o  c a l c u l a t e d  by L i n g e n f e l t e r  ( 1 9 6 3 ) .  For  h 50' 
0 
t h e  measured  and  t h e  c a l c u l a t e d  ne'utron f l u x e s  a g r e e r  
2 4  
COSMIC RAY NEUTRON FLUX MEASUREMEN2S 
ABOVE THE ATMOSPHERE 
J. A ,  LockWood 
L. A ,  F r i l i n g  
Depar tment  of  P h y s i c s  
U n i v e r s i t y  o f  N e w  Hampshire 
Durham, N e w  Hampshire 
03824 
I n t r o d u c t i o n  
Neu t rons  i n  t h e  e a r t h ' s  a tmosphe re  a re  p roduced  by 
t h e  i n t e r a c t i o n  0f t h e  cosmic  r a d i a t i o n  w i t h  a i r  n u c l e i .  A 
f r a c t i o n  of  t h e s e  n e u t r o n s  leak  0 u t  f rom t h e  a tmosphe re  g i v i n g  
r i s e  t o  t h e  e a r t h ' s . n e u t r o n  a l b e d o .  The r a d i o a c t i v e  decay  o f  
some of  t h e s e  n e u t r o n s  w i t h i n  t h e  magne tosphe re  i s  a s o u r c e  
of t h e  p r o t o n s  a n d  e l e c t r o n s  t r a p p e d  i n  t h e  Van A l l e n  r ad ia -  
t i o n  b e l t s ,  ( S i n g e r ,  1958) .  Any e v a l u a t i o n  o f  t h e  t r a p p i n g  
mechanism f o r  c h a r g e d  p a r t i c l e s  f rom t h i s  s o u r c e  w i l l  r e q u i r e  
knowledge of  t h e  n e u t r o n  e n e r g y  s p e c t r u m  and f l u x ,  as w e l l  as 
t h e  s p a t i a l  a n d  t e m p o r a l  v a r i a t i o n s ,  
C a l c u l a t i o n s  have  been  made 0f t h e  i n t e n s i t y  and  e n e r g y  
s p e c t r u m  o f  t h e  n e u t r o n  leakage, The e a r l i e r  c a l c u l a t i o n s  by 
K e l l o g g  ( 1 9 5 9 ) ;  Hess ( 1 9 5 9 ) ;  Hess, C a n f i e l d  a n d  L i n g e n f e l t e r  
( 1 9 6 1 ) ;  and  Newkirk (1.963) were made a t  p a r t i c u l a r  l a t i t u d e s  
and t i m e s .  The more r e c e n t  c a l c u l a t i o n s  by f i n g e n f e l t e r  ( 1 9 6 3 )  
i n c l u d e  t h e  v a r i a t i o n  o f  t h e  cosmic - ray  p r o d u c t i o n  w i t h  
l a t i t u d e ,  a l t i t u d e  a n d  t ime i n  t h e  s o l a r  c y c l e l  From t h e s e  
c a l c u l a t i o n s  t h e  l a t i t u d e  and  t ime d e p e n d e n t  n e u t r o n  l e a k a g e  
f l u x  was c a l c u l a t e d  by a m u l t i g r e u p  diffusi .on c o d e ,  
L i n g e n f e l t e r  and  Flamm ( 1 9 6 4 )  have e x t e n d e d  t h e  c a l c u l a t i o n s  
t o  i n c l u d e  t h e  p r o d u c t i o n  a n d  leakage of n e u t r o n s  from s o l a r  
p r o t o n  e v e n t s .  Dragt,  A u s t i n ,  and White ( 1 9 6 6 )  and  Hess and 
K i l l e e n  ( 1 9 6 6 )  have  u s e d  these  c a l c u l a t i o n s  t o  d e t e r m i n e  
q u a n t i t a t i v e l y  t h e  c o n t r i b u t i o n s  t o  t h e  r a d i a t i o n  b e l t s .  Both 
conc lude  t h a t  s o l a r  p r o t o n s  a n d ' s o l a r  n e u t r o n s  make an  i n s i g -  . 
n i f i c a n t  c o n t r i b u t i o n  t o  t h e  p r o t o n s  t r a p p e d  i n  t h e  r a d i a t i o n  
b e l t s .  However, H e s s * a n d  K i l l e e n  c o n c l u d e  t h a t  t h e  decay  o f  
cosmic- ray  p roduced  n e u t r o n s  l e a k i n g  o u t  of t h e  a tmosphe re  
can  be t h e  main s o u r c e  o f  t h e  t r a p p e d  p r o t o n  f l u x  (E>20 Mev). 
On t h e  o t h e r  hand ,  Dragt e t  a l .  c o n c l u d e  t h a t  t h e  t r a p p e d  
p r o t o n s  (E>20 Mev) can  be e x p l a i n e d  by  t h i s  mechanism o n l y  i f  
t h e  r a t i o  o f  s o u r c e  s t r e n g t h  t o  loss mechanism i s  i n c r e a s e d  
by a f a c t o r  o f  50 f rom t h e  v a l u e s  u s e d .  Both agree t h a t  f o r  
t r a p p e d  p r o t o n s  w i t h  E*20 Mev t h e  cosmic- ray  n e u t r o n  s o u r c e  
. i s  i n a d e q u a t e  t o  p r o d u c e  t h e  measured  p r o t o n  f l u x e s .  
The  p r e s e n t  e x p e r i m e n t  was des igned  t o  measure  t h e  
i n t e g r a t e d  f l u x  o f  n e u t r o n s  w i t h  e n e r g i e s  t o  a b o u t  1 5  Mev 
a t  a l t i t u d e s  up t o  350 k m  above t h e  ea r th .  The n e u t r o n  
d e t e c t o r  c o n s i s t e d  of a modera t ed  H e 3  p r o p o r t i o n a l  c o u n t e r  
s u r r o u n d e d  by a r i n g  o f  c h a r g e d  p a r t i c l e  d e t e c t o r s  Lo coun t  
a n d  d i s c r i m i n a t e  a g a i n s t  p r o t o n s  and  alphas t h a t  can p roduce  
n e u t r o n s  i n  t h e  d e t e c t o r  ashembly.  T h i s  d e t e c t i n g  s y s t e m  
w a s  f lown on Nike-Apache and  Nike-Tomahawk r o c k e t s  a t  s eve ra l  
l a t i t u d e s  o v e r  t h e  p e r i o d  from 1 9 6 5 - 1 9 6 7 , ' n e a r  t h e  minimum 
i n  s o l a r  a c t i v i t y *  We p r e s e n t  in t h i s  paper t h e  e x p e r i m e n t a l  
26 
r e s u l t s  f rom t h e s e  f l i g h t s ,  compar i sons  w i t h  o t h e r  e x p e r i -  
m e n t a l  measurements  a l o n g  w i t h  t h e  c a l c u l a t i o n s  o f  L i n g e n f e l t e r  
( ~ 9 6 3 ) ~  and i n t e r p r e t a t i o n s  o f  t h e s e  r e s u l t s .  
E x p e r i m e n t a l  Method 
The b a s i c  d e t e c t o r ,  shown i n  F i g u r e  1, c o n s i s t s  o f  a 
He3 p r o p o r t i o n a l  c o u n t e r  f o r  n e u t r o n  d e t e c t i o n ,  e n c a s e d  i n  a 
p o l y e t h y l e n e  m o d e r a t o r  a p p r o x i m a t e l y  7 / 8  i n c h  t h i c k .  The 
S y l g a r d  u s e d  as a p o t t i n g  compound f o r  h i g h  v o l t a g e  i n s u l a t i o n  
and  i n t e r s t i t i a l  s u p p o r t  a l s o  a c t s  as a m o d e r a t o r ,  e s p e c i a l l y  
a t  t h e  ends  o f  t h e  t u b e  a r r a y .  The H e 3  c o u n t e r  i s  one  i n c h  
i n  d i a m e t e r ,  f o u r  i n c h e s  i n  a c t i v e  l e n g t h ,  a n d  i s  f i l l e d  t o  
a p r e s s u r e  o f  1 0  a t m o s p h e r e s .  The p r o p o r t i o n a l ,  c o u n t e r s  
s u r r o u n d i n g  t h e  p o l y e t h y l e n e  m o d e r a t o r  are  1/2 i n c h  i n  d i a m e t e r  
by 7 i n c h e s  a c t i v e  l e n g t h ,  a re  f i l l e d  w i t h  a m i x t u r e  o f  a rgon  
a n d  methane ,  a n d  a re  o p e r a t e d  i n  t h e  s e m i p r o p o r t i o n a l  r e g i o n .  
The  d e t e c t i o n  t h r e s h o l d  on t h e  c o u n t e r s  i s  s e t  below t h e  p u l s e  
h e i g h t  c o r r e s p o n d i n g  t o  minimum i o n i z i n g  p a r t i c l e s .  
e x p e r i m e n t a l  a r r angemen t  i s  a m o d i f i c a t i o n  o f  t h e  u n i t s  f lown 
p r e v i o u s l y  on p o l a r  o r b i t i n g  s a t e l l i t e s  ( T r a i n o r  and Lockwood, 
1964) 
T h i s  
The f o u r  s epa ra t e  banks o f  f i v e  p r o p o r t i o n a l  c o u n t e r s  
each  are  o p e r a t e d  i n  two c o i n c i d e n c e  a r r a y s  composed o f  o p p o s i t e  
banks  o f  c o u n t e r s ’  and  t h e  o u t p u t s  f rom t h e  i n d i v i d u a l  c o u n t e r s  
a r e  a l s o  added s e r i a l l y ,  as shown i n  t h e  d i ag ram o f  t h e  
e l e c t r o n i c s  s y s t e m  d i s p l a y e d  i n  F i g u r e  2 ,  The o u t p u t  p u l s e s  
27 
f rom b o t h  t h e  add  and  c o i n c i d e n c e  modes 
t o  t h e  t e l e m e t r y , - a s  w e l l  as b e i n g  u s e d  
are s c a l e d  and  f e d  
t o  t r i g g e r  a u n i -  
v i b r a t o r  which b l a n k s  c e r t a i n  n e u t r o n  c h a n n e l s .  The b l a n k i n g  
t i m e  i s  s e t  f o r  200 P s e c ,  which i s  g r e a t e r  t h a n  t h r e e  t i m e s  
t h e  h a l f - l i f e  of' t h e  n e u t r o n s  i n  t h e  d e t e c t i n g  sys t em.  
Wi th in  t h e  add mode e & r c u i t  a b i n a r y  ertaga p r o v l d e s  an adBitPona1 
200 v s e c  o f  b l a n k i n g  t i m e  t o  d i s c r i m i n a t e  a g a i n s t  two c h a r g e d  
p a r t i c l e  e v e n t s  o c c u r r i n g  w i t h i n  200 p s e c .  O u t p u t s  f rom t h e  
t o t a l  and  t h e  c o i n c i d e n c e - g a t e d  modes o f  t h e  H e 3  c o u n t e r . a r e  
s c a l e d  and  f e d  t o  t h e  t e l e m e t r y  sys t em.  We s h a l l  d e s i g n a t e ,  
t h e  r a w  o r  t o t a l  n e u t r o n  c o u n t i n g  r a t e  as NT, t h e  n e u t r o n  r a t e  
g a t e d  by t h e  c o u n t i n g  r a t e  o f  t h e  t o t a l  c h a r g e d  p a r t i c l e  s h i e l d  
as N G T ,  and t h e  n e u t r o n  r a t e  g a t e d  by t h e  c h a r g e d  p a r t i c l e  
c o i n c i d e n c e  banks  as N G C  ( s e e  F i g u r e  21, 
The d e s i g n  o f  t h e  n e u t r o n  d e t e c t o r  and  i t s  l o c a t i o n  i n  
t h e  v e h i c l e  were b a s e d  upon m i n i m i z i n g  t h e  e f f e c t s  o f  l o c a l  
p r o d u c t i o n  of  n e u t r o n s .  The n e u t r o n  d e t e c t o r  assembly  i s  
l o c a t e d  as f a r  f o r w a r d  a8 p o s s i b l e ,  away f rom dense  and  
hydrogenous  ma te r i a l s  i n  which n e u t r o n s  migh t  be p roduced .  
The c l a m s h e l l  nose-cone s e c t i o n ,  which s u r r o u n d s  t h e  d e t e c t o r ,  
i l l u s t r a t e d  i n  F i g u r e  3, i s  j e t t i s o n e d  above t h e  a tmosphe re  
t o  remove t h i s  s o u r c e  o f  l o c a l  n e u t r o n  p r o d u c t i o n ,  S i n c e  t h e  
n e u t r o n  s e n s o r  i s  o r i e n t e d  w i t h  i t s  l o n g  ax is  p a r a l l e l  t o  t h e  
s p i n  a x i s  of  t h e  r o c k e t  and  i s  fa r  f o r w a r d ,  t h e  s o l i d  a n g l e  
s u b t e n d e d  a t  t h e  d e t e c t o r  by  t h e  main  r o c k e t  p a y l o a d  is small .  
S i n c e  t h e  c h a r g e d  p a r t i c l e  s h i e l d  does  n o t  c o m p l e t e l y  
s u r r o u n d  t h e  n e u t r o n  d e t e c t o r ,  w e  may e x p e c t  a s m a l l  c o n t r i -  
b u t i o n  from n e u t r o n  p r o d u c t i o n  by c h a r g e d  p a r t i c l e s  l e a k i n g  
i n  t h e  ends  o f  t h e  s e n s o r ,  Fo r  an  i s o t r o p i c  c h a r g e d  p a r t i c l e  
f l u x  w e  es t imate  from g e o m e t r i c a l  c o n s i d e r a t i o n s  t h a t  t h i s  
c o n t r i b u t i o n  i s  six p e r c e n t ,  F u r t h e r m o r e ,  t h e  cha rged  p a r t i c l e  
c o u n t e r s  do n o t  o v e r l a p  e a c h  o t h e r  a round  t h e  n e u t r o n  d e t e c t o r  
s o  abou t  f i v e  p e r c e n t  o f  t h e  c h a r g e d  p a r t i c l e s  e n t e r i n g  t h e  
s i d e s  w i l l  e s c a p e  d e t e c t i o n .  S i n c e  t h e  n e u t r o n  d e t e c t o r  i s  
d i s a b l e d  f o r  200 u s e c  e v e r y  t i m e  a c h a r g e d  p a r t i c l e  i s  
d e t e c t e d  by t h e  p r o p o r t i o n a l  c o u n t e r s ,  t h e  d i f f e r e n c e  NT-NGT 
r e p r e s e n t s  an uppe r  l i m i t  t o  t h e  n e u t r o n  p r o d u c t i o n  by c h a r g e d  
p a r t i c l e s .  T h i s  d i f f e r e n c e  s h o u l d  be i n c r e a s e d  by a b o u t  
1 0  p e r c e n t  t o  t a k e  i n t o  a c c o u n t  t h e  f r a c t i o n  o f  cha rged  
p a r t i c l e s  l e a k i n g  t h r o u g h  t h e  s i d e s  and e n d s ,  T h i s  i s  n e g l e c t e d  
b e c a u s e  o f  t h e  l a r g e  s t a t i s t i c a l  e r r o r s  ( s e e  Table  4 ) .  Neutron 
p r o d u c t i o n  e f f e c t s  f o r  d i f f e r e n t  p a r t s  o f  t h e  r o c k e t  p a y l o a d  
were c a l c u l a t e d  and a r e  e v a l u a t e d  i n  t e r m s  o f  measured  pro-  
d u c t i o n ’ ( t o  be d i s c u s s e d  l a t e r ) ,  
With t h e  c h a r g e d  p a r t i c l e  a n t i c o i n c i d e n c e  s h i e l d  u s e d  
i n  t h i s  e x p e r i m e n t ,  c o r r e c t i o n s  m i g h t  be n e c e s s a r y  f o r  t h e  
s e l f - g a t i n g  r a t e .  An e n e r g e t i c  n e u t r o n  (E> ,50  M e V )  e n t e r i n g  
t h e  m o d e r a t o r  can  p roduce  a p r o t o n  r e c o i l  o r  a r e a c t i o n  w i t h  
one or more c h a r g e d  p a r t i c l e  f r a g m e n t s ,  The s e c o n d a r y  
c h a r g e d  p a r t i c l e  can  t h e n  t u r n  o f f  t h e  n e u t r o n , d e t e c t o r  f o r  
a t  l e a s t  200 p e e .  The t o t a l  number of s u c h  i n t e r a c t i o n s  has 
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been c a l c u l a t e d ,  assuming t h e  L i n g e n f e l t e r  n e u t r o n  e n e r g y  
s p e c t r u m  (En>50 MeV) ‘and t h e  measured  t o t a l  n e u t r o n  c r o s s -  
s e c t i o n  i n  p o l y e t h y l e n e ,  We es t imate  t h e  c h a r g e d  p a r t i c l e  
c o u n t i n g  r a t e  t o  be  21 sec-’, which i n t r o d u c e s  a dead t ime  
c o r r e c t i o n  o f  20.1 p e r c e n t .  
C a l i b r a t i o n  o f  t h e  Neut ron  D e t e c t o r  
The d e t e c t i n g  s y s t e m  w a s  c a l i b r a t e d  by e x p o s i n g  t h e  
comple t e  d e t e c t o r  assembly  t o  known f l u x e s  o f  gamma r a y s  and  
n e u t r o n s ,  The gamma-ray r e s p o n s e  o f  t h e  d e t e c t o r  w a s  measured  
w i t h  a c a l i b r a t e d  Co60 s o u r c e  and  was found  t o  be n e g l i g i b l e  
f o r  a l l  p a y l o a d s  
f i s s i o n ,  a n d  Am - L i  n e u t r o n  s o u r c e s  were  u s e d ,  as w e l l  as 
C a l i b r a t e d  R a - B e ,  Am241-Be, Am241-mock 
2 4 1  
1 4 . 4  Mev a n d  2.7 Mev n e u t r o n s  p roduced  by a 400 Kev Van de 
Graaff a c c e l e r a t o r .  The a c c e l e r a t o r - p r o d u c e d  n e u t r o n  f l u x e s  
were checked  a g a i n s t  t h e  c a l i b r a t e d  n e u t r o n  s o u r c e s  w i t h  a 
s t a n d a r d  l o n g  c o u n t e r  ( H a n s o n - a n d  McKibben, 1 9 4 7 ) .  The 
a s s o c i a t e d  p a r t i c l e  t e c h n i q u e  was a l s o  u s e d  t o  measure  t h e  
n e u t r o n  f l u x  from t h e  ( d , t )  r e a c t i o n  (Mar i an  and  F o w l e r ,  1960). 
The n e u t r o n  f l u x  p roduced  a t  t h e  t a r g e t  i n  t h e  Van de Graaff 
a c c e l e r a t o r  room w a s  viewed t h r o u g h  a h o l e  so  l o c a t e d  i n  t h e  room 
s h i e l d i n g  t h a t  t h e  e f f e c t s  o f  n e u t r o n  s c a t t e r i n g  were minimized .  
The rema3nin.g background  o f  low e n e r g y  n e u t r o n s  f rom room 
s c a t t e r i n g  w a s  s u b t r a c t e d  o u t  i n  a l l  r u n s c  The c a l i b r a t i o n s  
w i t h  t h e  r a d i o a c t i v e  n e u t r o n  s o u r c e s  were made w i t h  b o t h  t h e  
- s o u r c e  and  t h e  d e t e c t o r  a s sembly  a t  l e a s t ’ t w e n t y  f e e t  above t h e  
ground t o  minimize  t h e  c o n t r i b u t i o n s  from s c a t t e r e d  n e u t r o n s  . 
C a r e f u l  measurements  were made o f  t h e  e f f e c t  o f  t h e  s c a t t e r e d  
n e u t r o n s  a t  d i f f e r e n t  e l e v a t i o n s  above t h e  ground w i t h  
d i f f e r e n t  w a t e r  c o n t e n t  i n  t h e  ground.  We b e l i e v e  t h a t  t h e  
u n c e r t a i n t y  i n  t h e  a b s o l u t e  c a l i b r a t i o n  f o r  any n e u t r o n  s o u r c e  
i s  l e s s  t h a n  1 0  p e r c e n t ,  b a s e d  upon t h e  known a c c u r a c y  f o r  t h e  
s o u r c e  s t r e n g t h ,  e f f e c t s  o f  s c a t t e r i n g ,  and  s t a t i s t i c a l  e r r o r s .  
Where t h e  n e u t r o n  e n e r g y  s p e c t r u m  from t h e  r a d i o a c t i v e  s o u r c e s  
e x t e n d s  o v e r  a c o n s i d e r a b l e  r a n g e ,  e . g ,  R a - B e  o r  Am-Be n e u t r o n  
s o u r c e s ,  t h e  e f f i c i e n c y  w a s  d e t e r m i n e d  f o r  t h e  a v e r a g e  ene rgy  
o f  t h e  n e u t r o n  s p e c t r u m  by an  i t e r a t i v e  p r o c e s s .  T o  c a l i b r a t e  
3 %he n e u t r o n  d e t e c t o r  a t  t h e r m a l  e n e r g i e s ,  a b a r e  i d e n t i c a l  He 
c o u n t e r  was f i r s t  c a l i b r a t e d  a t  t h e  t h e r m a l  n e u t r o n  f a c i l i t i e s  
of  t h e  Por t smou th  Naval  S h i p y a r d .  T h i s  c o u n t e r  w a s  t h e n  u s e d  
as a s t a n d a r d  t o  measure  ( b y  t h e  cadmium d i f f e r e n c e  t e c h n i q u e )  
t h e  t h e r m a l  f l u x  i n  a l a r g e  p a r a f f i n  m o d e r a t o r  c o n s t r u c t e d  
a round  t h e  t a r g e t  'of t h e  a c c e l e r a t o r  i n t o  which t h e  f l i g h t  
d e t e c t o r  was p l a c e d .  
The n e u t r o n  e n e r g y  c a l i b r a t i o n  i s  summarized i n  F i g u r e  4. 
For  t h e  c a l i b r a t i o n s  made w i t h  n e u t r o n  s o u r c e s ,  we have  i n d i -  
c a t e d  t h e  e n e r g y  r a n g e  i n  which 50 p e r c e n t  of  t h e  n e u t r o n s  a r e  
-2 found ,  S i n c e  no e n e r g y  c a l i b r a t i o n s  were made be tween 3 x 1 0  
and  4 .8  x 1 0  e v ,  t h e  r e s p o n s e  f u n c t i o n s  o f  F r a k i  e t  a l .  (1963) 
for a BF c o u n t e r  w i t h  a one 'inch p o l y e t h y l e n e  m o d e r a t o r  were 
n o r m a l i z e d  ( o p e n  c i r c l e s  i n  F i g u r e  4 )  t o  t h e  smooth c u r v e  
drawn t h r o u g h  t h e  e x p e r i m e n t a l  c a l i b r a t i o n  d a t a  f o r  2<En<15 Mev. 
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The s o l i d  c u r v e  i n  F i g u r e  4 i s  t h e  b e s t  f i t  t o  b o t h  our c a l i -  
b r a t i o n s  and t h e  n o r m a l i z e d  r e s p o n s e  f u n c t i o n s  o f  F r a k i  e t  a l .  
The d o t t e d  c u r v e  i s  an  e x t r a p o l a t i o n  o f  S ( E ) ’ a t  340 and 4.9 e v  
. t o  t h e r m a l  e n e r g i e s ,  Such a l a r g e  d i f f e r e n c e  i n  t h e  r e s p o n s e  
below 1 0  e v  i n t r o d u c e s  o n l y  a t w o p e r c e n t  change i n  t h e  mean 
e f f i c i e n c y  o f  t h e  a e t e c t o r  b e c a u s e  s u c h  a s m a l l  f r a c t i o n  o f  t h e  
n e u t r o n  l e a k a g e  l i e s  i n  t h i s  e n e r g y  i n t e r v a l .  The e r r o r  b a r s  
i n d i c a t e d  i n  F i g u r e  4 t a k e  i n t o  a c c o u n t  t h e  u n c e r t a i n t i e s  i n  
a b s o l u t e  c a l i b r a t i o n  o f  t h e  n e u t r o n  s o u r c e s  ( n a t u r a l  and  
a c c e l e r a t o r - p r o d u c e d ) ,  and  i n  t h e  r e s p o n s e  o f  t h e  l o n g  c o u n t e r  
w i t h  n e u t r o n  e n e r g y ,  as w e l l  a s  e r r o r s  f rom s u b t r a c t i n g  t h e  
background o f  s c a t t e r e d  s low n e u t r o n s  and  from s t a t i s t i c s .  
The l a r g e s t  s o u r c e  o f  e r r o r  i s ,  o f  c o u r s e ,  i n  d e t e r m i n a t i o n  
o f  t h e  a b s o l u t e  n e u t r o n  f l u x .  The s t a n d a r d  d e v i a t i o n  o f  t h e  
i n d i v i d u a l  c a l i b r a t i o n  p o i n t s  f rom t h e  smooth c u r v e  i n  t h e  
i n t e r v a l  2<En<P5 Mev i s  1 5  p e r c e n t ,  which may b e  used as a n  
e s t i m a t e  o f  t h e  a c c u r a c y  o f  S ( E )  i n  t h i s  i n t e r v a l .  The l a r g e s t  
u n c e r t a i n t y  i n  t h e  c a l i b r a t i o n  i s  20 p e r c e n t  a t  En = 0 . 5  Mev., 
The d i r e c t i o n a l  r e s p o n s e  of  t h e  comple t e  s e n s o r ,  measured  a t  
2 .7  Mev, i s  shown i n  F i g u r e  5 .  
The c h a r g e d  p a r t i c l e  c o u n t e r  s y s t e m  w a s  n o t  c a l i b r a t e d ,  
The c a l c u l a t e d  g e o m e t r i c a l  f a c t o r  f o r  t h e  c h a r g e d  p a r t i c l e  
c o u n t e r s  o p e r a t e d  i n  t h e  add  mode i s  Go = 175 cm , assuming 
t h a t  t h e  p r o p o r t i o n a l  c o u n t e r s  are 100  p e r c e n t  e f f i c i e n t  (Vouk, ’ 
2 
1 9 4 7 ) .  From t h e  r o c k e t  f l i g h t  a t  Natal ,  B r a z i l , ’  ( v e r t i c a l  
c u t o f f  r i g i d i t y  Pc = 13 GV 673 w e  u s e d  t h e  known 
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p r i m a r y  cosmic- ray  f l u x  t o  f i n d  t h e  g e o m e t r i c a l  f a c t o r s  f o r  
t h e  c h a r g e d  p a r t i c l e  c o u n t e r s  o p e r a t e d  i n  t h e  add  and c o i q c i -  
dence  mode, The r a t i o  of  t h e  c h a r g e d  p a r t i c l e  c o u n t i n g  r a t e ,  
R ,  t o  t h e  i n t e g r a l  p r i m a r y  cosmic- ray  f l u x ,  J ,  ( i n c l u d i n g  t h e  
a l b e d o  f l u x )  i s  E G O ,  where t h e  e f f i c i e n c y  o f  t h e  c o u n t e r s ,  E ,  
i s  assumed t'o be 1.0 and G i s  t h e  g e o m e t r i c a l  f a c t o r  for t h e  
d e t e c t o r  a r r a y ,  From t h e  da t a  o f  Webber ( 1 9 6 7 )  t h e  p r i m a r y  
flux, i n c l u d i n g  s p l a s h  and  r e e n t r a n t  a l b e d o ,  i s  4 0 5  rt 40 
p a r t i c l e s / m  s e c  s t e r ,  Hence,  G = R / J  = 185 em2 f o r  t h e  add  
mode and  17.5 cm f o r  t h e  c o i n c i d e n c e  a r r a n g e m e n t ,  assuming 
2 IT i s o t r o p y  f o r  t h e  p r i m a r y  and a l b e d o  f l u x .  The  c a l c u l a t e d  
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0 
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e n e r g y  t h r e s h o l d s  for e l e c t r o n s  and  p r o t o n s  a r e  l i s t e d  i n  
T a b l e  1. 
T a b l e  1: Energy t h r e s h o l d s  for c h a r g e d  p a r t i c l e  c o u n t e r s  
i n  t h e  He3 n e u t r o n  d e t e c t o r  s y s t e m  
NOSE CONE ON NOSE C O N E  OFF 
T o t a l  ( a d d  mode) e l e c t r o n s  p r o t o n s  e l e  e t  r o n s  p r o t o n s  
(EGO) = 195 cm 5 Mev 50 Mev 1.3 Mev 20 Mev 
Coin c i den ce  
( E G O )  = 1 8  cm Q25 90 20 75 2 
We can  use t h e  c a l i b r a t i o n  c u r v e  i n  Figure 4 and  t h e  
d i r e c t i o n a l  r e s p o n s e  f u n c t i o n  shown i n  F i g u r e  5 ' w i t h  an  
assumed e n e r g y  s p e c t r u m  f o r  t h e  n e u t r o n  l e a k a g e  f l u x  t o  c o n v e r t  
t h e  c o u n t i n g  r a t e s  t o  a n t r o n  f l u x ,  If t h e  d i f f e r e n t i a l  
n e u t r o n  f l u x  i n  n e u t r o n s / ( c m 2  s e c  MeV) i s  g i v e n  by N ( E )  and 
t h e  r e s p o n s e  o f  t h e  d e t e c t o r  i n  c o u n t s / n e u t r o n  cm2 i s  S ( E ) ,  
t h d  mean r e s p o n s e  o f  t h e  d e t e c t o r  i s :  
- JN(E)S(E)dE 
JN(E)dE s =  * (10-1) 
Assuming L i n g e n f e l t e r  s s p e c t r u m  a t  Oo, boo, and 90' geomagnet ic  
l a t i t u d e s  ( L i n g e n f e l t e r ,  1 9 6 3 )  w e  c a l c u l a t e  s t o  b e  3 . 6 ,  3 . 3  and 
3.6 cm r e s p e c t i v e l y ,  w i t h  an u n c e r t a i n t y  o f  *15 p e r c e n t .  The 2 
L i n g e n f e l t e r  n e u t r o n  l e a k a g e  f l u x  and r e l a t i v e  c o n t r i b u t i o n s  t o  
t h e  c o u n t i n g  r a t e  o f  t h e  d e t e c t o r  f rom t h e  d i f f e r e n t  e n e r g y  
r a n g e s  a t  O o ,  40°, a n d  90' geomagnet ic  l a t i t u d e s  a r e  l i s t e d  i n  
T a b l e  2 ,  From t h i s  t a b l e  we s e e  t h a t  a 2 0 p e r c e n t  e r r o r  i n  S ( E )  
i n  t h e  i n t e r v a l  O . l < E n < l  Mev i n t r o d u c e s  a b o u t  1 0  p e r c e n t  unce r -  
t a i n t y  i n  E. I n  o t h e r  e n e r g y  r a n g e s  t h e  e x p e r i m e n t a 1 , e r r o r s  i n  
S(E) i n t r o d u c e  much s m a l l e r  u n c e r t a i n t i e s  i n  E. Hence, t h e  
15 p e r c e n t  e r r o r  a s s i g n e d  t o  8 i s  q u i t e  c o n s e r v a t i v e .  
E x p e r i m e n t a l  R e s u l t s  
The r o c k e t  f l i g h t  r e s u l t s  a r e  summarized i n  T a b l e  3 .  
The f i r s t  f i v e  p a y l o a d s  were c a r r i e d  on Nike-Apache v e h i c l e s  
t o  a maximum a l t i t u d e  o f  140 k m ,  t h e  l a s t  t h r e e  p a y l o a d s  were 
flow-n on Nike Tomahawks t o  a b o u t  350 km. The n e u t r o n  c o u n t i n g  
r a t e s  were  a v e r a g e d  o v e r  t h e  f l i g h t  t ime '  above t h e  a l t i t u d e  a t  
whi'ch t h e  nose  cone w a s  e j e c t e d :  45 km ( 1 5 0  k f t )  and 180 k m  
( 6 0 0  k f t )  f o r  t h e  Apache and Tomahawk v e h i c l e s  r e s p e c t i v e l y .  
The f l i g h t  t i m e s  f o r  d a t a  a c q u i s i t i o n  were  t h e n  300 and  500 s e c .  
r e s p e c t i v e l y '  The n e u t r o  i n  'Columns A and B have 
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. n o t  been  n o r m a l i z e d  f o r  d i f f e r e n c e s  i n  c a l i b r a t i o n  n o r  changes  
i n  t h e  i n t e n s i t y  o f  t h e  cosmic r a d i a t i o n  be tween F e b r u a r y ,  
1965 ,  a n d  J u n e ,  1.967~ I n  Column C we have  l i s t e d  t h e  no rma l i -  
z a t i o n  f a c t o r s  d e t e r m i n e d  f rom i n t e r c a l i b r a t i o n  o f  t h e  p a y l o a d s  
w i t h  a n  Am-Be n e u t r o n  s o u r c e r  For  d e t e r m i n i n g  t h e  r e l a t i v e  
cosmic-ray i n t e n s i t i e s  a t  f l i g h t  t i m e s ,  , b o t h  t h e  t o t a l  charged 
p a r t i c l e  c o u n t i n g  and  t h e  c o i n c i d e n c e  r a t e s  a re  g i v e n .  
S i n c e  t h e  f l i g h t s  i n  1966-1967 were a f t e r  t h e  minimum 
i n  s o l a r  a c t i v i t y  and  t h e  cosmic- ray  f l u x  h a d  d e c l i n e d ,  t h e  
n e u t r o n  da ta  were  n o r m a l i z e d  t o  s o l a r  minimum, T h e  M t .  
Washington n e u t r o n  m o n i t o r  w a s  u s e d  t o  i n d i c a t e  t h e  cosmic- 
r a y  i n t e n s i t y  l e v e l  and  i t  w a s  assumed t h a t  a t  any l a t i t u d e  
t h e  change i n  n e u t r o n  l e a k a g e  f l u x  c a l c u l a t e d  by L i n g e n f e l t e r  
4 
( 1 9 6 3 )  was a l i n e a r  f u n c t i o n  of t h e  cosmic- ray  i n t e n s i t y .  
These n o r m a l i z a t i o n  f a c t o r s  a r e  l i s t e d  i n  T a b l e  3 ,  Column F ,  
Only f l i g h t s  4 and 8 r e q u i r e d  l a r g e  n o r m a l i z a t i o n .  The v a l u e s  
shown i n  Column G a r e  t h e  n o r m a l i z e d  n e u t r o n  c o u n t i n g  r a t e s  
o b t a i n e d  by m u l t i p l y i n g  t h e  N (Column 3 )  by t h e  n o r m a l i z a t i o n  
f a c t o r s  f o r  i n t e r c a l i b r a t i o n  (Column C )  a n d  f o r  t h e  change i n  
GT 
cosmic- ray  i n t e n s i t y  (Column F ) ,  Only on f l i g h t  8 was a 
dead t ime  c o r r e c t i o n  n e c e s s a r y  f o r  t h e  n e u t r o n  r a t e  g a t e d  by  
t h e  t o t a l  c h a r g e d  p a r t i c l e  r a t e r  T h i s  c o r r e c t i o n  i s  i n c l u d e d  
i n  t h e  v a l u e  t a b u l a t e d  f o r  f l i g h t  8 i n  Column G 4  The g a t e d  
n e u t r o n  r a t e s  were c o n v e r t e d  t o  n e u t r o n  l e a k a g e  f l u x e s  a t  t h e  
d i f f e r e n t  l a t i t u d e s  u s i n g  e q u a t i o n  (10-1) , 
I n  F i g u r e  6 w e  e n e u t r o n  r a t e  g a t e d  by 
t h e  t o t a l  c h a r g e d  1 a v e r a g e d  o v e r  t h e  f l i g h t  
36 
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t i m e  above 200 k f t  as a f u n c t i o n  of  geomagnet ic  l a t i t u d e ,  
F o r  compar ison  p u r p o s e s  we have  n o r m a l i z e d  L i n g e n f e l t e r ' s  
l e a k a g e  f l u x  t o  t h e  e q u a t o r i a l  n e u t r o n  c o u n t i n g  r a t e . .  The 
most p r o b a b l e  e r r o r  f o r  e a c h  f l i g h t  i s  i n d i c a t e d  by t h e  e r r o r  
b a r .  T h i s  e r r o r  i n c l u d e s  t h e  s t a t i s t i c a l  u n c e r t a i n t y ,  t h e  
i n t e r c a l i b r a t i o n  a n d  n o r m a l i z a t i o n  e r r o r s ,  t h e  u n c e r t a i n t y  i n  
t h e  e l i m i n a t i o n  o f  n e u t r o n  p r o d u c t i o n  i n  t h e  modera to r  assembly  
a n d  i n  t h e  c a l c u l a t i o n  o f  t h e  p r o d u c t i o n  i n  t h e  r o c k e t  v e h i c l e .  
Except  f o r  t h e  f l i g h t s  a t  h = TO0, t h e  s t a t i s t i c a l  e r r o r  i s  at; 
l e a s t  one h a l f  t h e  most p r o b a b l e  e r r o r ,  F l i g h t s  3 and  4 a t  
19' and 4 8 , 5 O  geomagnet ic  l a t i t u d e  ( e n c l o s e d  by t h e  dashed  
l i n e s )  a r e  abou t  50 p e r c e n t  too l a r g e  which i s  a t t r i b u t e d  t o  
e l e c t r i c a l  n o i s e  p rob lems .  Then e l e c t r i c a l  n o i s e  p u l s e s  c o u l d  
be  removed b e  caus  e c h a r a c t e r  i s  t i c a l l y  most a p p e a r e d  s i m u l t  a- 
, n e o u s l y  ( w i t h i n  lom3 s e c . )  on a l l  d a t a  c h a n n e l s ,  However, 
w i t h  t h e  low c o u n t i n g  r a t e s  o b s e r v e d ,  i t  was i m p o s s i b l e  t o  F 
d e l e t e  al.1 t h e  n o i s e  p u l s e s  f rom f l i g h t s  3 and  4 on which l a r g e  
n o i s e  b u r s t s . w e r e  e n c o u n t e r e d .  
F l i g h t s  5 and 8 b o t h  o c c u r r e d  near  t h e  minimums o f  
Forbush  d e c r e a s e s ,  C o n s e q u e n t l y ,  t h e  n o r m a l i z a t i o n  f a c t o r s  
a r e  l a r g e .  The c h a r g e d  p a r t i c l e  c o u n t i n g  r a t e s  on f l i g h t  8 were 
much h i g h e r ,  We c o n c l u d e  t h a t  an  a p p r e c i a b l e  f l u x  o f  s o l a r  
p r o t o n s  and  h e l i u m  n u c l e i  were s t i l l  p r e s e n t  on June  7 ,  1967, 
f rom t h e  low e n e r g y  s o l a r  p a r t i c l e  e v e n t  on J u n e  6 ,  which 
f o l l o w e d  a class 2B s o l a r  f l a r e ,  T h i s  c h a r g e d  p a r t i c l e  f l u x  
p roduced  n e u t r o n s  b o t h  i n  t h e  a tmosphe re  a a d  i n  t h e  p a y l o a d ,  
T h e r e f o r e ,  w e  c a n n o t  n o r m a l i z e  t h e  n e u t r o n  d a t a  from f l i g h t  8 
by t h e  same method as u s e d  f o r  t h e  o t h e r  f l i g h t s ,  F o r  now we 
w i l l  t a k e  t h e  n o r m a l i g e d  n e u t r o n  c o u n t i n g  r a t e  on t h i s  f l i g h t  
as 3.0 2 0 . 1  sec-'  (shown i n  p a r e n t h e s i s  i n  Column G ,  T a b l e  3 )  
and j u s t i f y  i t  i n  t h e  n e x t  s e c t i o n ,  
The n e u t r o n  c o u n t i n g  r a t e s  c o n v e r t e d  t o  a f l u x  by means 
o f  measured mean e f f i c i e n c i e s  f o r  t h e  d e t e c t o r  a r e  p l o t t e d  i n  
F i g u r e  7 as a f u n c t i o n  o f  v e r t i c a l  c u t o f f  r i g i d i t y .  The f l u x  
a g r e e s  w i t h i n  25 p e r c e n t  w i t h  L i n g e n f e l t e r ' s  c a l c u l a t e d  v a l u e s  
a t  P c > l , O  Gv b u t  i s  a b o u t  one  h a l f  t h e  c a l c u l a t e d  v a l u e  f o r  
P c < l , O  Gv. 
g r e a t e r  than 60' t o  t h a t  a t  t h e  e q u a t o r  is a b o u t  9 t o  1, 
compared t o  t h e  c a l c u l a t e d  l a t i t u d e  e f f e c t  o f  1 2  t o  1. 
The o b s e r v e d  r a t i o  of c o u n t i n g  r a t e  a t  l a t i t u d e s  
I n t e r p r e t a t i o n  o f  R e s u l t s  
1. Neutron  P r o d u c t i o n  E f f e c t s  
I n  measu r ing  t h e  n e u t r o n  f l u x  i n  t h e  p r e s e n c e  of  an 
a p p r e c i a b l e  background of  c h a r g e d  p a r t i c l e s ,  t h e  e f f e c t s  of  
n e u t r o n  p r o d u c t i o n  must be  c a r e f u l l y  e v a l u a t e d ,  The n e u t r o n  
p r o d u c t i o n  r a t e s  i n  d i f f e 3 r e n t  s e c t i o n s  o f  t h e  p a y l o a d  were 
c a l c u l a t e d  f o l l o w i n g  a method s i m i l a r  t o  t h a t  o u t l i n e d  by 
T r a i n o r  a n d  Lockwood (1964). S e v e r a l  r e f i n e m e n t s  were made 
i n  t h e  p r e s e n t  c a l c u l a t i o n s ,  These  i n c l u d e :  1) t h e  e n e r g y  
s p e c t r u m  of  t h e  p r i m a r y  cosmic r a d i a t i o n  was i n c l u d e d  r a t h e r  
t h a n  t o  assume i t  t o  b e  a m o n o e n e r g e t i c  s o u r c e  w i t h  a mean 
' ene rgy  o f  LO Gev; 2) t h e  i n t e r a c t i o n s  o f  t h e  p r i m a r y  a l p h a  
p a r t i c l e s  were i n c  onda ry  h e u t r o n  p r o d u c t i o n  
, 
39 
by f a s t  knock-on p a r t i c l e s  was e v a l u a t e d ;  a n d  4 )  an e n e r g y  
d i s t r i b u t i o n  f o r  t h e  e v a p o r a t i o n  n e u t r o n s  was f o l d e d  i n t o  t h e  
known e n e r g y  r e s p o n s e  o f  t h e  d e t e c t o r .  I n  t h e s e  f l i g h t s  we 
have m o n i t o r e d  c e r t a i n  c o u n t i n g  r a t e s  r e l a t e d  to p r o d u 5 t i o n  
e f f e c t s  s o  t h a t  we can  compare t h e  c a l c u l a t e d  w i t h  t h e  o b s e r v e d  
n e u t r o n  p r o d u c t i o n  r a t e s  f o r  d i f f e r e n t  s e c t i o n s  o f  t h e  p a y l o a d .  
These d a t a  a r e t s u m m a r i z e d  i n  T a b l e  4, 
F i r s t ,  we can  compare t h e  d i f f e r e n c e  between t h e  n e u t r o n  ' 
r a t e s  j u s t  b e f o r e  a n d  a f t e r  t h e  nose  cone w a s  e j e c t e d  t o  
e s t i m a t e  t h e  p r o d u c t i o n  o f  n e u t r o n s  i n  t h e  nose  cone by g a l a c t i , c  
cosmic - rays ,  The measured  v a l u e s  a re  l i s t e d  i n  t h e  n e x t  t o  l a s t  
column of T a b l e  4 and c a l c u l a t e d  c o n t r i b u t i o n s  a r e  g i v e n  i n  t h e  
f o u r t h  column. The l a r g e  e r r o r s  for t h e  measured  AN a r e  
s t . a t i s t i c a 1 .  We c o n c l u d e  t h a t  h e u t r o n  p r o d u c t i o n  from t h e  clam- 
s h e l l  i s  n e g l i g i b l e .  I t  s h o u l d  b e  n o t e d  t h a t  t h e  n e u t r o n  pro-  
d u c t i o n  e f f e c t s  i n  t h e  r o c k e t  v e h i c l e ,  i n c l u d i n g  t h e  m a t e r i a l  
i n  t h e  mount ing  f o r  t h e  n e u t r o n  s e n s o r  a s s e m b l y ,  a r e  comparable  
t o  t h o s e  i n  t h e  nose  cone a s s e m b l y ,  The v e h i c l e  p r o d u c t i o n  i s  
more d i f f i c u l t  t o  e s t ima te  and i s  n o t  d i r e c t l y  s u b j e c t  t o  
e x p e r i m e n t a l  v e r i f i c a t i o n ,  S i n c e  t h e  v a l u e s  for n e u t r o n  pro-  
d u c t i o n  i n  t h e  v e h i c l e  and nose  cone  assembly  l i s t e d  i n  Table  4 
a r e  u p p e r  l i m i t s ,  we i n f e r  t h a t  a t  X = 70 t h e s e  s o u r c e s  con- 
t r i b u t e  less t h a n ' l 2  p e r c e n t .  The c o n t r i b u t i o n s  are a b o u t  t h e  
0 
Second ,  t h e  d i f f e r e  ween NT and N G T  c o r r e c t e d  f o r  
dead t ime  r e p r e s e n t  h t h e  m o d e r a t o r  ' 
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assembly  and  m a t e r i a l  immedia t e ly  ad jacen t ,  t o  t h e  n e u t r o n  
s e n s o r c  The c a l c u l a t e d  and  o b s e r v e d  n e u t r o n  p r o d u c t i o n  r a t e s  
i n  t h e  m o d e r a t o r  a s sembly  l i s t e d  i n  T a b l e  4 a r e  i n  r e a s o n a b l e  
ag reemen t .  The d i f f e r e n c e  ( N T - N G C T )  a t  X > 7 O o  i s  l a r g e r  t h a n  t h e  
. c a l c u l a t e d  p r o d u c t i o n  b e c a u s e  n e u t r o n  p r o d u c t i o n  e f f e c t s  from 
low e n e r g y  p r o t o n s  ( E  c 5 0 0  MeV) were n e g l e c t e d  i n  t h e  c a l c u l a -  
t i o n s .  The re  w i l l  b e  l a r g e  c o n t r i b u t i o n s  t o  t h e  t o t a l  c h a r g e d '  
P 
p a r t i c l e  r a t e  a t  t h e s e  l a t i t u d e s  f rom p r o t o n s  w i t h  E > 2 0  Mev, 
which w i l l  p roduce  n e u t r o n s  i n  t h e  m o d e r a t o r  a s sembly .  Such 
low e n e r g y  p r o t o n s  a re  n o t  d e t e c t e d  by t h e  c o i n c i d e n c e  % d e t e c t o r .  
P 
T h e  two measured  ( N T - N G T )  v a l u e s  e n c l o s e d  by t h e  dashed  
r e c t a n g l e s  i n  T a b l e  4 a r e  q u e s t i o n a b l e ,  On f l i g h t  2 ,  e l e c t r i c a l  
n o i s e  was p r e s e n t ,  On f l i g h t  6 t h e  g a t i n g  c i r c u i t  m a l f u n c t i o n e d ,  
On f l i g h t  7 t h e  40 p e r c e n t  c o n t r i b u t i o n  o f  l o c a l l y  p roduced  
n e u t r o n s  a t  t h e  e q u a t o r  i s  t o o  l a r g e ,  However, t h e  s t a t i s t i c a l  
u n c e r t a i n t i e s  a r e  l a r g e  and  t h e  c o n t r i b u t i o n  c o u l d  b e  as low 
as . 0 5 / . 2 2  N 20 p e r c e n t o  W i t h i n  t h e  l a r g e  s t a t i s t i c a l  e r r o r s ,  
we c o n c l u d e  t h a t  t h e  c a l c u l a t e d  and  measured  p r o d u c t i o n  i n  t h e  
m o d e r a t o r  a s sembly  a g r e e  and  t h a t  p r o d u c t i o n  e f f e c t s  a r e  v e r y  
s i g n i f i c a n t  a t  P 21.0 Gv. 
C 
T h i r d ,  on f l i g h t  7 f rom Nata l ,  B r a z i l ,  t h e  t o t a l  and 
, 
c o i n c i d e n c e  c o u n t i n g  r a t e s  o f  t h e  c h a r g e d  p a r t i c l e  d e t e c t o r s  
shown i n  F i g u r e  8 ,  i n c r e a s e d  by 1 2 5  p e r c e n t  be tween an a l t i -  
t u d e  o f  200 km and  apogee  a t  360 km, We c a n  r e l a t e  t h i s  i n c r e a s e  
I 
t o  any o b s e r v e d  i n c r e a s e  i n  n e u t r o n  c o u n t i n g  r a t e ,  , a n d  t h e r e b y  
' .  
e s t a b l i s h  l o w e r  l i m i t s  on t h e  h n p r o d u c t i o n ,  S i n c e  t h e  
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f r a c t i o n a l  change i n  c o u n t i n g  r a t e s  f o r  t h e  t o t a l  a n d  c o i n c i -  
dence s y s t e m s  i s  t h e  same, b u t  t h e  e n e r g y  t h r e s h o l d s  are  
d i f f e r e n t  ( f o r  p r o t o n s ,  20 and  75 Mev r e s p e c t i v e l y ) ,  we 
a t t r i b u t e  t h e  i n c r e a s e  t o  t r a p p e d  p r o t o n s  w i t h  E 975 Mev, 
We can c o n v e r t  t h e  c h a r g e d  p a r t i c l e  c o u n t i n g  r a t e s  a t  200. km 
P 
t o  f l u x e s  by u s i n g  t h e  g e o m e t r i c a l  f a c t o r s  d e t e r m i n e d  from t h e  
known p r i m a r y  coqmic-ray flux a t  t h i s  l a t i t u d e .  
i s  195 and  1 T b 5  c m 2  f o r  t h e  t o t a l  and  c o i n c i d e n c e  modes, t h e  
Thus ,  i f  EGO 
i n c r e a s e d  c o u n t i n g  r a t e  a t  apogee c o r r e s p o n d s  t o  0.3 p r o t o n s  
(cm2 s e c ) - l  w i t h  E > 7 5  M e V ,  However, N -N which r e p r e s e n t s  P T GT’ 
t h e  c o n t r i b u t i o n  t o  t h e  c o u n t i n g  r a t e  f rom n e u t r o n s  p roduced  
i n  t h e  m Q d @ r B t o r ,  l e  SndependenC o f  %he increase  of t h e  
c h a r g e d  p a r t i c l e  r a t e  w i t h  a l t i t u d e  shown i n  F i g u r e  8. 
T h e r e f o r e ,  t h e  n e u t r o n  p r o d u c t i o n  from a p r o t o n  f l u x  ( E  >75 MeV) 
of  0 .3(cm2 s e c ) - l  must b e  20.1 n e u t r o n  c o u n t / s e c .  
P 
T h i s  c o r f e - .  
sponds  t o  1 0  n e u t r o n s / s e c  p roduced  i n  t h e  m o d e r a t o r  a s sembly ,  
from t h e  c a l c u l a t e d  e f f i c i e n c y  of  t h e  n e u t r o n  d e t e c t o r  for 
e v a p o r a t i o n  n e u t r o n s  i n  t h e  m o d e r a t o r  ( W i l s o n ,  1965). Assuming 
no  c a s c a d i n g  o f  t h e  s e c o n d a r y  n u c l e o n s  a t  i n c i d e n t  p r o t o n  ~ 
e n e r g i e s  of  %LOO MeV, t h e  number o f  n e u t r o n s  p roduced  i n  t h e  
modera t  o r  assembly  i s  
rl = f v G J  
P 
(16-1) 
where 11 = n e u t r o n s  p r o d u c e d / s e c o n d ,  f = f r a c t i o n  of‘ p r o t o n s  
i n t e r a c t i n g ,  L = n e u t r o n s  p e r  i n t e r a c t i o n ,  G = € G o  = g e o m e t r i c a l  
z f a c t o r  f o r  t h e  d e t e c  otons/cpl  F o r  J = 0 . 3  
(cm sec)-’, G = 195 
P 
-2 k n e s s  = 5 g cm , 2 
4 3  
and t h e  known ( p , n )  r e a c t i o n  c r o s s  s e c t i o n s  a t  a b o u t  100  Mev, 
we f i n d  r-~ = 5 n / s e c .  The c o u n t i n g  r a t e  f rom t h i s  n e u t r o n  p ro -  
d u c t i o n  s o u r c e  i s  .05 sec-’, which i s  comparable  t o  t h e  s t a -  
t i s t i c a l  e r r o r s  and  migh t  n o t  be  o b s e r v e d .  
I n t e r p r e t a t i o n  of  R e s u l t s  
2 .  J u n e  7 ,  1967 F l i g h t  a t  F t .  C h u r c h i l l  
Now w i t h  some q u a n t i t a t i v e  i n s i g h t  i n t o  t h e  e f f e c t s  o f  
n e u t r o n  p r o d u c t i o n ,  we can  i n t e r p r e t  t h e  r e s u l t s  o f  t h e  J u n e  
1967 f l i g h t  a t  F t .  C h u r c h i l l .  On t h i s .  f l i g h t  much h i g h e r  
c h a r g e d  p a r t i c l e  and n e u t r o n  r a t e s  were  o b s e r v e d  ( T a b l e  3 )  t h a n  
on t h e  August 1966 f l i g h t  a t  t h e  same l o c a t i o n .  F o r  t h i s  e a r l i e r  
f l i g h t  t h e  c h a r g e d  p a r t i c l e  r a t e s  c o r r e s p o n d e d  t o  a cosmic-ray 
2 ’ f l u x  of  1 , O  k 0.2 (cm s e c ) - l 0  If we n o r m a l i z e  t h e  p r i m a r y  cosmic- 
r a y  f l u x  o b s e r v a t i o n s  of Webber ( 1 9 6 7 )  by means o f  t h e  M t .  Wash- 
i n g t o n  n e u t r o n  m o n i t o r  i n t e n s i t y ,  we e s t i m a t e  t h a t  t h e  p r i m a r y  
f l u x  on August 4, 1966 ,  w a s  1 . 4  2 0 . 2  (cm sec)-’ ,  a g r e e i n g  w i t h  
t h e  measured v a l u e ,  However, on f l i g h t  8 ,  t h e  c h a r g e d  p a r t i c l e  
t o t a l  and c o i n c i d e n c e  ra tes  c o r r e s p o n d e d  t o ,  f l u x e s  J (E320 Mev) 
2 
P 
2 .  1 5  and J (E 375 Mev) = 2 . 8  (cm sec)-’ ,  b u t  t h e  M t .  Washington 
P P  
n e u t r o n  m o n i t o r  i n t e n s i t y  w a s  t h e  same t o  w i t h i n  2 2.5 p e r c e n t ,  
Hence, we a t t r i b u t e  t h e  h i g h e r  c o u n t i n g  ra tes  t o  s o l a r  p a r t i c l e s ,  
p r o b a b l y  a s s o c i a t e d  w i t h  t h e  s o l a r  p r o t o n  e v e n t  on J u n e  6 ,  1967 ,  
Masley and  Goedeke (1967)  had  o b s e r v e d  on J u n e  6 an a b s o r p t i o n  
o f  1.1 db on  a 30 M H Z  r i o m e t e r  which t h e y  a t t r i b u t e  t o  a 2 B  s o l a r  
f l a r e  e v e n t .  No r i o m e t e r  e v e n t  was r e c o r d e d  on August 24 ,  1966,  
For  t h i s  r e a s o n  we t a k e  t h e  n e u t r o n  c o u n t i n g  r a t e  on f l i g h t  8 ’ 
t o  b e  2 . 9 8  ( s e c ) ” ,  This value  i m u l t i p l y i n g  t h e  
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o b s e r v e d  r a t e  (Column B) by t h e  n o r m a l i z a t i o n  f a c t o r  f o r  i n t e r -  
c a l i b r a t i o n  and c o r r e c t i n g  f o r  d e a d t i m e ,  which was a p p r o x i m a t e l y  
50 p e r c e n t .  The c o r r e c t e d  c o u n t i n g  r a t e  c o r r e s p o n d s  t o  a n e u t r o n  
l e a k a g e  f l u x  o f  0.78 (cm sec)- ' .  
argument t h a t  t h e  increased c o u n t i n g  r a t e  was from n e u t r o n s  pro-  
duced l o c a l l y  and  i n  t h e  a tmosphe re  by low e n e r g y  p r o t o n s :  
a )  The d i f f e r e n c e  between t h e  n e u t r o n  c o u n t i n g  r a t e s  on I 
2 We can  show by a s e l f - c o n s i s t e n t  
f l i g h t s  8 and 5 ,  n o r m a l i z e d  t o  t h e  same cosmic-ray.  l e v e l ,  
i s  4.25-3.1 f: 1 . 2  k 0 . 2  ( s e c ) - l  c o r r e s p o n d i n g  t o  a n e u t r o n  
l e a k a g e  f l u x  o f  0 . 3  5 .05 (cm sec)-' .  
p r o d u c t i o n  i n  t h e  m o d e r a t o r  assembly  i s  50 p e r c e n t  g r e a t e r  
2 S i n c e  t h e  n e u t r o n  
b e  0 . 3  ( s e e ) - '  ( s e e  T a b l e  4 ) .  T h i s  i s  comparable  t o  t h e  
s t a t i s t i c a l  e r r o r  i n  t h e  d i f f e r e n c e s  of  n e u t r o n  r a t e s  on 
* f l i g h t s  8 and 5 ,  s o  w i l l  b e  n e g l e c t e d .  If we can  show 
t h a t  t h e  r i g i d i t y  s p e c t r u m  o f  solar p a r t i c l e s  on June  7 ,  
196.7, w a s  e x p o n e n t i a l ,  w e  can  t h e n  u s e  t h e  c a l c u l a t e d  
r e s u l t s  of L i n g e n f e l t e r  and  Flamm (1964) t o  d e t e r m i n e  
t h e  a d d i t i o n a l  n e u t r o n  l e a k a g e  from s o l a r  p a r t i c l e  p ro -  
d u c t  i o n .  
b )  S i n c e  t h e  t o t a l  and  c o i n c i d e n c e  c h a r g e d  p a r t i c l e  r a t e s  
i n  t h e  s h i e l d  b e f o r e  a n d  a f t e r  t h e  r o c k e t  nose  cone was 
e j e c t e d  have  d i f f e r e n t  e n e r g y  t h r e s h o l d s  f o r  e i t h e r  p ro -  
t o n s  or e l e c t r o n s  ( n e g l e c t i n g  an? c o n t r i b u t i o n s  from 
a l p h a  p a r t i c l e s ) ,  w e  can  U $ e  t h e g e  c o u n t i n g  r a t e $  t o  
I 
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w i t h  Pc ~ 0 1 2  Gv, we can  n e g l e c t  t h e  e l e c t r o n  c o n t r i -  
b u t i o n  t o  t h e  c o u n t i n g  r a t e s ,  The f o u r  p r o t o n  e n e r g y  
t h r e s h o l d s  a r e :  E >20 MeV f o r  t h e  t o t a l  c h a r g e d  p a r t i c l e  
P 
r a t e ,  nose  c o s e  o f f ;  E > 5 0  Mev f o r  t h e  t o t a l  c h a r g e d  
p a r t i c l e  r a t e ,  nose  cone on ;  E >75 MeV f o r  t h e  c o i n c i -  
dence  r a t e ,  n o s e  cone off; E >90 Mev f o r  t h e  c o i n c i d e n c e  
P 
P 
P 
r a t e s ,  nose  cone on ,  C o n v e r t i n g  t h e  c o u n t i n g  r a t e s  t o  
p a r t i c l e  f l u x e s  f rom t h e  known, g e o m e t r i c a l  f a c t o r s  f o r  
t h e  c h a r g e d  p a r t i c l e  d e t e c t i n g  s y s t e m ,  t h e  i n t e g r a l  p ro -  
t o n  f l u x  i s  p l o t t e d  as a ‘ f u n c t i o n  o f  k i n e t i c  e n e r g y  a n d  
r i g i d i t y  i n  F i g u r e  9 .  For an e x p o n e n t i a l  r i g i d i t y  s p e c t r u m  
2 J = d o  ex@ ( - P / P o ) ,  we f i n d  t h a t  Jo = 700 (cm 
P = 60 M v  and ( d J / d P ) o  = 1 4  (cm s e c  Mv)”. 
s ,pectrum, L i n g e n f e l t e r  and Flamm b.964) p r e d i c t  a n e u t r o n  - 
2 l e a k a g e  f l u x  o f  0.4  k 0’.2 (cm sec) - ’  a t  t h i s  c u t o f f  
r i g i d i t y ,  a g r e e i n g  w i t h  t h e  o b s e r v e d  i n c r e a s e d  n e u t r o n  
l e a k a g e  f l u x .  O f  c o u r s e ,  t h e  f l u x  i s  v e r y  dependen t  upon 
2 With t h i s  I 
0 
’ P and t h e  e v a l u a t i o n  from F i g u r e  9 i s  q u i t e  c r u d e ,  
0 
c )  From t h e  r i o m e t e r  d a t a  (Masley  and Goedeke, 1.9671, we 
e s t i m a t e  t h a t  t h e  a t t e n u a t i o n  a t  30 MHZ on J u n e  7 ,  1 9 6 7 ,  
w a s  <O,l db.  From t h e  v e r t i c a l  a b s o r p t i o n  c a l c u l a t i o n s  / 
o f  Weir a n d  Brown (1964), assuming t h e  a l p h a  t o  p r o t o n  
3 2  r a t i o  f o r  t h e  s o l a r  p a r t i c l e s  t o  b e  z e r o ,  Jo N 10 (em s e c ) “  
f o r  a n  e x p o n e n t i a l  r i g i d i t y  s p e c t r u m  w i t h  Po = 50 Mv, i n  
rough ag reemen t  w i t h  t h e  p r o t o n  s p e c t r u m  e s t i m a t e d  from 
t h e  c h a r g e d  p a r t i c l e  measuremehts, I 
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d )  By comparing t h e  n o r m a l i z e d  ( N T - N G T )  on f l i g h t s  5 a n d  8 
t h e  i n c r e a s e d  p r o d u c t i o n  i n  t h e  m o d e r a t o r  a s sembly  c o r -  
' r e sponded  t o  0 .6  counts/sec, which i m p l i e s  a p r o d u c t i o n  
o f  a b o u t  60 n e u t r o n s / s e c ,  We 'can u s e  e q u a t i o n  (16-1.) t o  
c a l c u l a t e  t h e  n e u t r o n  p r o d u c t i o n  i n  t h e  m o d e r a t o r  a s sembly ,  
With J ( > P )  = 700 exp  ( -P /60)  (cm sec)" ,  t h e r e  are  a b o u t  
1 5  p r o t o n s  (cm s e c ) "  a t  a mean e n e r g y  o f  20 Mev ( 2 0 0  Mv). 
With v = 0 . 5 ,  C = 195  cm2, an  a v e r a g e  modera to r  t h i c k n e s s  
6 = 5 , g  cm 
2 
2 
, .  
-2 s n d  CJ = 0 . 2  b f o r  t h e  c r o s s  s e c t i o n  o f  n e u t r o q  
p r o d u c t i o n  i n  a m i x t u r e  o f  aluminum and c a r b o n ,  t h e  p ro -  
d u c t i o n  i n  t h e m o d e r a t o r  assembly  is 
0 
fJ 
TI = f v G J  = 6 A u v G J  
P P 
= 50 n / s e c r  
T h i s  e s t i m a t e  a g r e e s  w i t h  t h e  measured  e x t r a  n e u t r o n  p ro -  
d u c t i o n  i n  t h e  m o d e r a t o r  a s sembly .  
T h e r e f o r e ,  we c o n c l u d e  t h a t  t h e  e x c e s s  n e u t r o n  l e a k a g e  
f l u x  o b s e r v e d  on J u n e  7 ,  1 9 6 7 ,  was due t o  n e u t r o n s  produced  by 
l ow e n e r g y  s o l a r  p a r t i c l e s .  T h i s  o b s e r v a t i o n  i s  s u p p o r t e d  by 
t h e  r e s u l t s  of  Chupp e t  a l ,  ( 1 9 6 7 )  and  Smi th  e t  a l .  ( 1 9 6 2 )  on 
n e u t r o n  p r o d u c t i o n  i n  t h e  a tmosphe re  by s o l a r  p a r t i c l e s .  
D i s c u s s i o n  
We have summarized r e c e n t  measurements  of  t h e  t o t a l  n e u t r o n  
l e a k a g e  f l u x  i n  F i g u r e  1 0 .  The measurements  of Bame e t  a l ,  ( 1 9 6 3 ) ~  
T r a i n o r  and ckwood (1964) ana  th p r e s e n t  ones  were made above 
1 9  
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t h e  a tmosphe re ;  t h e  o t h e r s  a re  e x t r a p o l a t e d  from < L O  g cm’2 
a l t i t u d e ,  The measurements  o f  Bolt e t  a l .  (1.966) are  o f  th,e 
f a s t  n e u t r o n  f l u x  ( l < E n < 1 0  Mev) a t  Q4 g cm’2 e x t r a p o l a t e d  t o  
t h e  t o p  o f  t d e  a t m o s p h e r e ,  We have c o n v e r t e d  t h e i r  measurements  
a t  s o l a r  minimum t o  a t o t a l  n e u t r o n  l e a k a g e  f l u x  by u s i n g  t h e  
c a l c u l a t e d  f r a c t i o n  o f  1-10 Mev n e u t r o n s  t o  t h e  t o t a l  f l u x  a t  
, d i f f e r e n t  l a t i t u d e s  ( L i n g e n f e l t e r ,  1963). Both t h e  d a t a  o f  
’ T r a i n o r  and Lockwood (1964)  and  t h e  p r e s e n t  d a t a  have  been  
n o r m a l i z e d  t o  s o l a r  minimum. O t h e r  measurements  were made 
n e a r  s o l a r  m i n i m u m  s o  t h a t  t h e y  were  d i r e c t l y  comparab le ,  I t  
’ i s  i n t e r e s t i n g  t o  compare t h e  r e c e n t  l e a k a g e  f l u x  v a l u e  o b t a i n e d  
, I  
by PnLrfEligator (1968) from e x f r a p o l a t f o n  of’ Che neutron f l u x  
a t  an a l t i t u d e  o f  4 g cm”2 a t  X = 42’ N w i t h  t h e  r o c k e t  f l i g h t  
measurements  h e r e .  The n e u t r o n  l e a k a g e  f l u x  d e t e r m i n e d  d i r e c t l y  
a t  A = 49’ is ( 0 . 4 6  C 0.07) cm-2sec-1 ( s e e  T a b l e  3 ) ,  Using 
I 
L i n g e n f e l t e r ’ s  l a t i t u d e  dependence  f o r  t h e  n e u t r o n  l e a k a g e  f l u x ,  
we o b t a i n  ( 0 . 3 1  k 0 . 0 6 )  cm’2sec’1 a t  X = 42’ i n  agreement  w i t h  
( 0 . 3 6  5 0 . 0 6 )  cm-2sec-1 o b t a i n e d  by I n t r i l l i g a t o r ,  Excep t  f o r  
t h e  r e s u l t s  o f  T r a i n o r  and  Lockwood (1964), t h e  agreement  among 
measured  v a l u e s  i s  good t o  Q J ~ O  geomagne t i c  l a t i t u d e .  (The re- 
s u l t s  o f  T r a i n o r  and Lockwood w i l l  b e  d i s c u s s e d  s e p a r a t e l y , )  
However, t h e  a c c u r a c y  of  t h e  d a t a  a t  X < 5 O o  is n o t  good enough 
t o  d i s t i n g u i s h  be tween t h e  two c a l c u l a t e d  l e a k a g e  f l u x e s  of 
0 
Lingenf  e l t e r  
Above 
e x p e r i m e n t  a1 
(1963) shown i n  F i g u r e  lo6 
50’ t h e r e  are  l a r g e  d i s a g r e e m e n t s  both among t h e  
h e  c a l c u l a t e d  f l u x e s  Green- 
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h i l l  e t  a l .  (1965,) and  t h e  p r e s e n t  a u t h o r s  a g r e e  w i t h i n  ex- 
p e r i m e n t a l  e r r o r s  ( + 1 5 % )  a t  X>50°. However, G r e e n h i l l  e t  
a l a  a p p e a r  t o  have  u n d e r e s t i m a t e d  t h e  c o n t r i b u t i o n s  t o  t h e  
c o u n t i n g  r a t e  f rom l o c a l  p r o d u c t i o n  a t  h i g h e r  l a t i t u d e s ,  s o  
t h a t  t h e i r  o b s e r v a t i o n s  s h o u l d  b e  d e c r e a s e d  by 10-15 p e r c e n t .  
A n o r m a l i z a t i o n  of t h e  measurement i n  1963  by  B o e l l a  e t  a l ,  J 
(1965a )  t o  s u n s p o t  minimum i n c r e a s e s  i t  f rom 0 . 5 8  t o  0 .66  
(cm s e c ) ” ,  
The d a t a  o f  H o l t  e t  a l .  (1966)  a re  much l a r g e r  a t  h i g h  l a t i t u d e s .  
It, i s  n o t  l i k e l y  t h a t  t h e s e  l a r g e r  v a l u e s  a r i s e  f rom a p p r o x i -  
ma t ions  u s e d  t o  e x t r a p o l a t e  t h e  n e u t r o n  f l u x  from t h e  t o p  t o  
t h e  o u t s i d e  of  t h e  a t m o s p h e r e ,  S i m i l a r  approximations were made 
by G r e e n h i l l . e t  a l e ,  B o e l l a  e t  a l . ,  and I n t r i l l i g a t o r  ( 1 9 6 8 ) .  
2 Even s o ,  i t  i s  smal le r  t h a n - t h e  o t h e r  v a l u e s .  
The d i f f e r e n c e s  i n  t h e  e x p e r i m e n t a l  v a l u e s  .of t h e  n e u t r o n  
l e a k a g e  f l u x  a t  XZ5Oo may b e  e x p l a i n e d  by t h e  u n c e r t a i n t y  i n  
l a t i t u d e  dependence  o f  t h e  s h a p e  of e n e r g y  s p e c t r u m  i n  t h e  i n -  
t e r v a l  1-10  MeV4 The form o f  t h e  L i n g e n f e l t e r  s p e c t r u m  i s  most 
p r o b a b l y  c o r r e c t  below 0,l Mev and  above 50 Mev where t h e  n e u t r o n s  
r e f l e c t  d i r e , c t l y  t h e  e n e r g y  s p e c t r u m  of  t h e  p r o t o n s  and a l p h a s  
p r o d u c i n g  them. 
p r o b a b l y  most u n c e r t a i n  and  t h e  change w i t h  l a t i t u d e  n o t  w e l l  
known. D e f i n i t i v e  e x p e r i m e n t a l  measurements  i n  t h i s  i n t e r v a l  
a r e  l a c k i n g .  The r e s u l t s  of H o l t  e t  a l .  (1966)  a t  all l a t i t u d e s  
i n d i c a t e  t h a t  t h e  n e u t r o n  s p e c t r u m  f o r  O. l<En<10 M e V  i s  much 
I n  t h e  r a n g e  O , l < E n < 1 0  Mev t h e  L i n g e n f e l t e r  i s  
f l a t t e r  t h a n  The L i n g e n f e l t e r  
n e u t r o n  l e a k  
c 
= O 1  40, and 90’ 
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- laB3,  O,'12E -1'78, and 0,038E -1,76 can  b e  w r i t t e n  as 0.54E 
(em s e c  Mev) n 
1 0  Mev were t a k e n  as 0,31E -le3', f o r  10<En<lOO Mev were  t a k e n  
as 0.48E ,, and t h e  "hump" i n  t h e  s p e c t r u m  a t  a b o u t  0 . 2  Mev 
2 -1 ' . If a t  X57O0, t h e  n e u t r o n  s p e c t r u m  f o r  l . O < E  < 
r e d u c e d  a l o n g  w i t h  a 20 p e r c e n t  d e c r e a s e  i n  t h e  t o t a l . n e u t r o n  
l e a k a g e  f l u x  below 0 . 1  M e V ,  t h e  e x p e r i m e n t a l  and  c a l c u l a t e d  
v a l u e s  would a g r e e  much b e t t e r .  The change i n  s h a p e  o f  t h e  
t s p e c t r u m  may be  t o o  d r a s t i c ,  b u t  i s  c l o s e r  t o  t h e  p r e s e n t  ex- 
p e r i m e n t a l l y  d e t e r m i n e d  s p e c t r a l  data .  The r e d u c t i o n  i n  t h e  
t o t a l  f l u x  below 0 . 1  Mev i s  w i t h i n  e s t i m a t e d  e r r o r s  i n  normal- 
i z i n g  t h e  c a l c u l a t e d  n e u t r o n  f l u x  ( L i n g e n f e l t e r ,  1963). The 
change i n  shape  o f  t h e  s p e c t r u m  above 1 0  Mev i s  n o t  i m p o r t a n t  
b e c a u s e  t h e  t o t a l  l e a k a g e  f l u x  i n  t h i s  i n t e r v a l  i s  o n l y  '~10 
p e r c e n t  a n d  t h e  modera t ed  d e t e c t o r  h a s  a s m a l l  r e s p o n s e  above 
1 5  MeV. A s  a r e s u l t  o f  t h i s  change i n  t h e  n e u t r o n  l e a k a g e  
s p e c t r u m ,  t h e  mean e f f i c i e n c y  o f  o u r  d e t e c t o r  d e c r e a s e s  t o  
3.0 cm , s o  t h e  n e u t r o n  f l u x  i n c r e a s e s  t o  1 . 0  (cm s e c )  , 
F o r  t h i s  m o d i f i e d  e n e r g y  s p e c t r u m  t h e  c a l c u l a t e d  t o t a l  
n e u t r o n  l e a k a g e  f l u x  i s  1627 (cm sec)-': 
2 2 -1 
2 S i n c e  t h e  f r a c t i o n  
o f  n e u t r o n s  w i t h  l < E n < 1 0  Mev t o  t h e  t o t a l  f l u x  i n c r e a s e s  
f rom 34 t o  40 p e r c e n t ,  t h e  t o t a l  n e u t r o n  l e a k a g e  f l u x  e s t i -  
mated from t h e  f a s t  f l u x  measurements  o f  H o l t  e t  a l .  becomes 
2 1 . 2  (cm s e c ) - 1 6  C o n s e q u e n t l y ,  a t  XF5O0 t h e r e  i s  agreement  among 
t h e  e x p e r i m e n t a l  v a l u e s  w i t h i n  t h e  e s t i m a t e d  e r r o r s  and w i t h  t h e  
c a l c u l a t e d  n e u t r o n  l e a k a g e  f l u x ,  We do n o t  s u g g e s t  t h a t  t h i s  
e x p l a n a t i o n  i s  n e c e s s a r i l t y  c o r r e c t ,  It is a r e a s o n a b l e  exp lana -  
t i o n  u n t i l  b e t t e r  e x p e r i m e n t a l  data are a v a i l a b l e  on t h e  n e u t r o n  
50 
A; e n e r g y  s p e c t r u m  i n  t h e  i n t e r v a l  0,5-50 M e V ,  b o t h  i n s i d e  and 
o u t s i d e  t h e  a t m o s p h e r e ,  
On t h e  o t h e r  hand ,  w e  i n t e r p r e t  t h e  v e r y  f l a t  l a t i t u d e  
c u r v e  o b t a i n e d  by T r a i n o r  and Lockwood (1964)  as due t o  a 
h i g h e r  background c o u n t i n g  r a t e  t h a n  o r i g i n a l l y  e s t ima ted  
a n d  t o o  l a r g e  a measured  d e t e c t i o n  e f f i c i e n c y r  With  t h e  
o b s e r v e d  n e u t r o n  l a t i t u d e  v a r i a t i o n  o f  abou t  5 t o  1, a 
background o f  1,O (min)" f o r  t h e  e q u a t o r i a l  c o u n t i n g  r a t e  
o f  2 .0  (min)" would g i v e  a c o r r e c t e d  
LO t o  lr The measured  e f f i c i e n c y  may 
25 p e r c e n t  t o o  l a r g e .  App ly ing  t h e s e  
l a t i t u d e  dependence o f  
a l s o  have  been  abou t  
two c o r r e c t i o n s ,  t h e  
n e u t r o n  l e a k a g e  f l u x  v a l u e s  e s s e n t i a l l y  a g r e e  w i t h  t h e  p r e s e n t  
r e s u l t s  shown i n  F i g u r e  10. 
1, 
2, 
3 .  
C o n c l u s i o n s  
From t h e s e  n e u t r o n  l e a k a g e  f l u x  measurements  w e  c o n c l u d e :  
The  c a l c u l a t e d  ( L i n g e n f e l t e r ,  1963)  and measured  t o t a l  
f l u x ' v a l u e s  a g r e e  f o r  A<50° geomagne t i c  l a t i t u d e ,  
Above X = 50° t h e  measured  f l u x  i s  a b o u t  60 p e r c e n t  o f  
t h e  c a l c u l a t e d  v a l u e  a t  s o l a r  minimumr 
A t  O 6 o o  s i m u l t a n e o u s  measurements  s h o u l d  b e  made o f  
t h e  n e u t r o n  leakage  f l u x ,  n e u t r o n  and  c h a r g e d  p a r t i c l e  
e n e r g y  s p e c t r u m s  t o  s e p a r a t e  t h e  n e u t r o n  p r o d u c t i o n  by 
g a l a c t i d  co  p a r t i c l e s  
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* Summary 
The u n i q u e  f e a t u r e s  o f  t h i s  i n s t r u m e n t  a r e  t h e  f o l l o w i n g :  
1) T h e  c h a r g e d  p a r t i c l e  s h i e l d  (NE 102)  u s e s  o n l y  
two P. M. t u b e s .  
2 )  The 4 n  c h a r g e d  p a r t i c l e  s h i e l d  e n c l o s e s  c o m p l e t e l y  
t h e  neutron-gamma d e t e c t o r ,  a l l  P 4  M. t u b e s  and 
a s s o c i a t e d  s e n s o r  e l e c t r o n i c s .  
3) The p u l s e  s h a p e  d i s c r i m i n a t o r  (P.  S. D.) i s  p a s s i v e  
and m i n i a t u r e ,  w i t h  " M M " * 3 . 1  a t  t h e  Co60Compton edge .  
4) The s e p a r a t e  s p e c t r a  o f  n e u t r o n s  (lCEe20 M e V )  and 
gammas (1*& c7Mev) a r e  e x t r a c t e d .  P 
5 )  The I. F. C .  (4% r e s o l u t i o n )  w i t h  P. S. D .  on NaI(TR & 
i s  a l s o  d i s p l a y e d  w i t h  (4). 
6 )  The q u a l i t y  o f  d a t a  is checked  by p a r i t y  b i t s ,  and d a t a  
a r e  t r a n s m i t t e d  by a p a r a l l e 1 , ' r e d u n d a n t  FM-FM TM sys t em.  
I n t r o d u c t i o n  
At tempt8  t o  e v a l u a t e  t h e  cosmic- ray  n e u t r o n  a l b e d o  t h e o r y  
a s  a s o u r c e  f a r  t h e  e n e r g e t i c  p r o t o n s  t r a p p e d  i n  t h e  e a r t h ' s  
r a d i a t i o n  b e l t s  s u f f e r  f rom a l a c k  of e x p e r i m e n t a l  d a t a  on t h e  
f a a t  n e u t r o n  f l u x  a t  t h e  t o p  o f ,  and above , ' t he  a tmosphe re .  Recen t  
e x p e r i m e n t a l  e v i d e n c e  o f  t h e  a b s e n c e  o f  e n e r g e t i c  a l p h a  p a r t i c l e s  
i n  t h e  t r a p p e d  r a d i a t i o n  e m p h a s i z e s  t h e  i m p o r t a n c e  o f  a b s o l u t e  
measurements  o f  t h e  f a s t  n e u t r o n  l e a k a g e  f l u x . '  
c a n c e  o f  gamma r a y  measurement8 i n  t h e  Mev e n e r g y , r a n g e  h a s  been  
c i t e d  i n  t h e  l i t e r a t i r e ,  
'The s i g n i f i -  
2 
c 
We h a v e  d e s i g n e d  a r e c o i l  p r o t o n  f a s t  n e u t r o n - d e t e c t o r  
*Suppor ted  by t h e  N a t i o n a l  A e r o n a u t i c s  and  S p a c e  A d m i n i s t r a t i o n  
unde r  c o n t r a c t  NASr-164 
s y s t e m  u s i n g  p u l s e  s h a p e  d i s c r i m i n a t i o n ,  w i t h  a 4 s  c h a r g e d  
p a r t i c l e  a n t i c o i n c i d e n c e  s h i e l d ,  t o  measu re  t h e  n e u t r o n  f l u x  i n  
r a n g e  1 -20  M e V ,  and t h e  gamma r a y  f l u x  from 1-7 M e V ,  
The n e u t r o n  d e t e c t o r , a s  shown i n  F i g u r e  1, i s  a 5 x 5 c m ,  
c y l i n d r i c a l  NE 213 l i q u i d  s c i n t i l l a t o r  w i t h  g l a s s  w a l l s ,  wrapped 
w i t h  c r i n k l e d  aluminum foil f o r  optimum l i g h t  c o l l e c t i o n ,  The 
n e u t r o n  d e t e c t o r ,  a s s o c i a t e d  e l e c t r o n i c  c i r c u i t r y ,  and h i g h  
v o l t a g e  power s u p p l i e s  a r e  e n c l o s e d  w i t h i n  a 4 s  p l a s t i c  
s c i n t i l l a t o r  s h i e l d  (NE 102) which rejects a l l  e n e r g e t i c  c h a r g e d  
p a r t i c l e  e v e n t s  t h a t  c o u l d  p r o d u c e  n e u t r q n s  i n  t h e  d e t e c t o r  
s y s t e m .  
. T h e  s h i e l d ,  c o n s i s t i n g  o f  two h e m i s p h e r i c a l  domes and a 
s t r a i g h t  c y l i n d r i c a l  s e c t i o n ,  is d e s i g n e d  t o  o p t i m i z e  t h e  l i g h t  
c o l l e c t i o n  from minimum i o n i z i n g  e v e n t s  by u s i n g  p h o t o m u l t i p l i e r s  
( P .  M . )  w i t h  b i - a l k a l i d e  h e m i s p h e r i c a l  p h o t o c a t h o d e s  (RCA-C70132A) 
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i n s e ’ r t e d  i n t o  t h e  p l a s t i c  s c i n t i l l a t o r ( F i g u r e  1). A p a r a l l e l  
summing and c o i n c i d e n c e  c i r c u i t  be tween  t h e  o u t p u t s  o f  two phoro-  
m u l t i p l i e r s  i n s u r e s  a r e j e c t i o n  r a t i o  e x c e e d i n g  1 0  /1. T h i s  * 
r e j e c t i o n  r a t i o  f o r  t h e  4s s c i n t i l l a t o r  e l i m i n a F e s  t h e  p o s s i b i l i t y  
of c o u n t i n g  n e u t r o n s  o r  gammas produced  by e n e r g e t i c  c h a r g e d  
4 
p a r t i c l e s .  P u l s e  s h a p e  d i s c r i m i n a t i o n  i s  used  on t h e  l i q u i d  
s c i n t i l l a t o r  so t h a t  n e u t r o n s ; c a n  be i d e n t i f i e d  and s e p a r a t e d  
from gamma r a y s .  
I n  t h i s  p a p e r  w e  s h a l i  r e p o r t  on t h e  r e s u l t s  o f  t e s t s  on 
t h e  a n t i c o i n c i d e n c e  s y s t e m  u s e d  as a c h a r g e d  p a r t i c l e  s h i e l d ,  
t h e  p u l s e  s h a p e  d i s c r i m i n a t i n g  c i r c u i t  f o r  s e p a r a t i n g  n e u t r o n  
from gamma r a y  e v e n t s ,  the on-board d a t a  p r o c e s s i n g ,  t h e  
t e l e m e t r y ,  and t h e  g ’ z o u n d ’ s t a t i o n  l o g i c  s y s t e m s ,  ’ 
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D e t e c t o r  S y s t e m s  
Charged P a r t i c l e  S h i e l d  
The a n t i c o i n c i d e n c e  s y s t e m  n e c e s s a r y  t o  i d e n t i f y  i n c i d e n t  
p a r t i c l e s  as e i t h e r  c h a r g e d  o r  n e u t r a l  c o m p l e t e l y  e n c l o s e s  t h e  
c e n t r a l  n e u t r o n  and gamma d e t e c t o r .  Thus ,  t h e  measured  n e u t r o n  
s p e c t r u m  s h o u l d  r e p r e s e n t  as c l o s e l y  as p o s s i b l e  the true 
n e u t r o n  f l u x . i n  t h e  a t m o s p h e r e  o r  i n  s p a c e .  Such e x t r e m e  p recau-  
t i o n  i n  r e j e c t i n g  c h a r g e d  p a r t i c l e s ,  which c a n  p roduce  n e u t r o n s  
or ,gammas  i n  t h e  s e n s o r  s y s t e m ,  i s  n e c e s s a r y  i n  v iew of t h e  
l a r g e  c o n t r i b u t i o n s  l o c a l l y  p roduced  n e u t r o n s  o r  gammas make t p  
t h e  t o t a l  c o u n t i n g  r a t e .  
O r d i n a r i l y ,  a l a r g e  471 s h i e l d  i s  n o t  u sed  b e c a u s e  many 
p h o t o m u l t i p l i e r s  a r e  r e q u i r e d  t o  d e t e c t  a m i n i m u m . i o n i z i n g  
p a r t i c l e  i n t e r a c t i n g ' a n y w h e r e  i n  t h e  s y s t e m .  I t  is a l s o  
d i f f i c u l t  t o  c o n t a i n  many p h o t o t u b e s  w i t h i n  t h e  471 s h i e l d  
w i t h o u t  t h e  s h i e l d  s i z e  becoming B O  l a r g e  as t o  b e  c o u n t  r a t e  
l i m i t e d  by c h a r g e d  p a r t i c l e  e v e n t s .  The l a r g e  number o f  photo-  
m u l t i p l i e r s  is r e q u i r e d  b e c a u s e  f l a t - f a c e d  t u b e s  a r e  a t t a c h e d  
t o  t h e  s u r f a c e  o f  t h e  s c i n t i l l a t o r  so t h a t  t h e r e  i s  a r a p i d  loss 
i n  s i g n a l  s t r e n g t h  f o r  e v e n t s  a t  l a r g e  d i s t a n c e s  f rom t h e  P .  P i .  
T h i s  c h n . b e . s e e n  i n  F i g u r e  2 where  t h e  P. M. e i g n a l  i s  p l o t t e d  
.. 4 
as a f u n c t i o n  of t h e  d i s t a n c e  be tween  t h e  t u b e  and  l i g h t  s o u r c e .  
I f  t h e  p h o t o t u b e  d e s i g n  i s  changed  t o  i n c o r p o r a t e  a pho to -  
c a t h o d e  which  i s  i n  $ h e  d i r e c t  l i g h t  p a t h  r a t h e r  t h a n  b e i n g  
l o c a t e d  8 0  as t o  r e q u i r e  d i f f u s e  l i g h t  s c a t t e r i n g  t o  d i v e r t  
some of  t h e  l i g h t  i n t o  t h e  t u b e ,  t h e  loss i n  s i g n a l  s t r e n g t h  
w i t h  d i s t a n c e  t o  t h e  e v e n t  i s  r e d u c e d  c o n s i d e r a b l y ,  T h e r e f o r e ,  
w e  c h o s e  a h e m i e p h e r i c a l l y  € a c e d  P I  M d  which c o u l d  b e  i n s e r t e d  
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d i r e c t l y  i n t o  t h e  l i g h t  p a t h ,  a s  shown i n  F i g u r e  1. 
The 4 n  s h i e l d  s y s t e m  c a n  e s s e n t i a l l y  b e  viewed as  a l a r g e  
l i g h t  p i p e ,  e m p h a s i z i n g  t h e  i m p o r t a n c e  o f  p r i m a r y  t o t a l  i n t e r n a l  
r e f l e c t i o n ,  s e c o n d a r y  s p e c t r a l  r e f l e c t i o n  t o  r e c a p t u r e  l i g h t  
l o s s e s  from l i g h t  c o n e s  i n s i d e  t h e  t o t a l  r e f l e c t i o n  a n g l e ,  and 
a d i a b a t i c  c u r v a t u r e s ,  T h e  s i m p l e s t  p r a c t i c a l  s y s t e m  is two 
m a t i n g  h & m i s p h e r e s , i n c l u d i n g  o n l y  o n e  h e m i s p h e r i c a l  P. M. i n s e r t e d  
i n t o  e a c h  s c i n t i l l a t i n g  dome, w i t h  a s h o r t  i n t e r c o n n e c t i n g  
c y l i n d r i c a l  s e c t i o n  be tween t h e  domes, F u r t h e r ,  i t  i s  r e q u i r e d  
t h a t  minimum i o n i z i n g  c h a r g e d  p a r t i c l e s  p a s s i n g  t h r o u g h  any  p a r t  
o f  t h e  s h i e l d  b e  d e t e c t e d ;  a n d ,  s i n c e  f o r .  m i n i m i z i n g  i o n i z i n g  
e v e n t s ,  t h e  e n e r g y  loss i n  t r a v e r s i n g  t h e  s h i e l d  is d i r e c t l y  
p r o p o r t i o n a l  t o  t h e  s h i e l d  t h i c k n e s s  a t  t h e  p o i n t  o f  e n t r y ,  w e  
c a n  make a f u r t h e r  m o d i f i c a t i o n  i n  d e s i g n  t o  r e d u c e  l i g h t ,  l o s l s e s  
be tween t h e  s c i n t i l l a t i o n  e v e n t  and  t h e  p h o t o m u l t i p l i e r .  This 
d e s i g n  m o d i f i c a t i o n  h a s  t h e  s h i e l d  t h i c k n e s s  c o m p e n s a t i n g l y  
I g r e a t e r  a t  l a r g e r  d i s t a n c e s  f rom t h e  p h o t o t u b e s .  Thus, t h e  
p a r t i c l e  g e n e r a t e s  a l a r g e r  l i g h t  s i g n a l  f a r t h e r  f rom t h e  
p h o t o m u l t i p l i e r s ,  which  c o m p e n s a t e s  f o r  t h e  1 i G h t  a t t e n u a t i o n .  
S i n c e  t h i s  would r e q u i r e  a s u r f a c e  t o o  c o m p l i c a t e d  t o  b e  
f a b r i c a t e d  e a s i l y ,  a s i m p l e  w o r k a b l e  s o l u t i o n  i s  t o  o f f s e t  
s l i g h t l y  t h e  c e n t e r s  o f  c u r v a t u r e  of  t h e  i n s i d e  and  o u t s i d e  
s u r f a c e s  o f  t h e  h e m i s p h e r e s .  
To u s e  s u c h  a 471 s h i e l d  s y s t e m  t o  t h e  f u l l e s t  a d v a n t a g e ,  
t h e  a s s o c i a t e d  e l e c t r o n i c s  h a s  b e e n  d e s i g n e d  t o  i ’nc lude  p a r a l l e l  
summing and  c o i n c i d e n c e  c i r c u i t s  ( F i g u r e  3 ) .  Norma l ly ,  e a c h  of 
t h e  two P. M. t u b e s  v i e w i n g  t h e  s h i e l d  a re  c o n n e c t e d  t o  s e p a r a t e  
lower  l e v e l  v o l t a g e  d i s c r i m i n a t o r e ,  a d j u s t e d  t o  b e  j u s t  above  
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t h e  p h o t o t u b e ' n o i s e ,  and t h e  o u t p u t  o f  e a c h  v o l t a g e  d i s c r i m i n a t o r  
t h e n  f e d  t o  a c o i n c i d e n c e  c i r c u i t ,  g e n e r a t i n g  the '  a n t i - c o i n c i d e n c e  
g a t e  s i g n a l  f o r  th 'e  i n t e r n a l  n y  d e t e c t o r .  Xf w e  c o n s i d e r  
t h e  a t t e n u a t i o n  of  t h e  l i g h t  p u l s e  t r a v e r s i n g  t h e  s h i e l d  t o  
e i t h e r  o f  t h e  p h o t o t u b e e ,  w e  r e a l i z e  that :  a s c i n t i l l a t i o n  
occurring very near one 05! t h e  r w o  Cubaa m a y  #?&$I., co c r S 8 g o l :  
t h e  c o i n c i d e n c e  c i r c u i t  b e c a u s e  t h e r e  i s  a l o n g  o p t i c a l  p a t h  t o  
t h e  o t h e r  P . ' M .  
p a r a l l e l  summing c i r c u i t  wh ich  h a s  a v o l t a g e  d i s c r i m i n a t o r  s e t  
t o  a l e v e l  m u c h . h i g h e r  t h a n  t h e  t h r e s h o l d  o f  t h e  c o i n c i d e n c e  
, 
l lowever ,  t o  m i n i m i z e  s u c h  e v e n t s ,  w e  add a 
c i r c u i t .  Thus, s c i n t i l l a t i o n s  o c c u r r i n g  n e a r  any  P .  M. wou ld ,  
b e c a u s e  of t h e  s h o r t  a s s o c i a t e d  o p t i c a l  p a t h ,  d e p o s i t  a v e r y  
, l a r g e  s i g n a l  i n  t h i s  near  P. M. and e a s i l y  t r i g g e r  t h e  v o l t a g e  
d i s c r i m i n a t o r  'of t h e  summing c i r c u i t ,  b u t  p o s s i b l y  f a i l  t o  
t r i g g e r  t h e  p a r a l l e l  c o i n c i d e n c e  c i r c u i t .  O b v i o u s l y ,  t h e  o t h e r  
e x t r e m e  i s  a s c i n t i l l a t i o n  o c c u r r i n g  midway be tween t h e  two P .  M ,  
t u b e s ,  i n  which case  s i m u l t a n e o u s  s i g n a l s  f rom t h e  t u b e s  would 
t r i g g e r  t h e  c o i n c i d e n c e  c i r c u i t ,  b u t  p o s s i b l y  f a i l  t o  t r i g g e r  t h e  
v o l t a g e  d i s c r i m i n a t o r  of t h e  p a r a l l e l  summing c i r c u i t .  
Jleutron-Gamma D e t e c t o r  
S i n c e  t h e  a n t i c o i n c i d e n c e  s h i e l d  e l i m i n a t e s  t h e  c h a r g e d  
p a r t i c l e  component ,  t h e  o r g a n i c ' l d q u i d  s c i n t i l l a t o r  must  
i d e n t i f y  and  separa tqe  t h e  t y p e s  of n e u t r a l  p a r t i c l e  e v e n t s .  
T h i s  i s  a c c o m p l i s h e d  by  p u l s e  s h a p e  d i s c r i m i n a t i o n  o f  t h e  o r g a n i c  
l i q u i d  (NE 213). S i n c e  t h e s e  n e u t r a l s  a r e  p r e d o m i n a n t l y  n e u t r o n s  
and gammas, w e  d e s i g n e d  , t h e  p u l s e  s h a p e  d i s c r i m i n a t o r  t o  a l l o w  t h e  
.' 
s i m u l t a n e o u s  ' e x t r a c t i o n  of  , t h e  s e p a r a t e  s p e c t r a  of  gamma (y j and 
n e u t r o n  ( n )  events 'r  
Many methods  o f  p u l s e  s h a p e  d i s c r i m i n a t i n g  a re  a v a i l a b l e  in 
t h e  l i t e r a t u r e ,  b u t  a l l  known methods  a r e  s e v e r e l y  l i m i t e d  by 
t h e  u s e  o f  d i o d e s  and  t r a n s i s t o r s .  The dynamic  r a n g e  is u s u a l l y  
l i m i t e d ,  and  t h e  e l e c t r o n i c  Sys tem i s  c o m p l i c a t e d ,  m a s s i v e ,  and 
power consuming f o r  a p p l i c a t i o n  i n  s p a c e  f l i g h t s ,  The n o v e l  
method d e s i g n e d  f o r  t h i s  e x p e r i m e n t  I s  o f  w i d e  dynamic r a n g e ,  
p a s s i v e ,  and  m i n i a t u r e .  The p u l s e  s h a p e  d i s c r i m i n a t i o n  is 
a c c o m p l i s h e d  w i t h  o n l y  o n e  d e t e c t o r  i n p u t  f e e d i n g  a f a s t  p u l s e  
t r a n s f o r m e r .  The p u l s e  t r a n s f o r m e r  h a s  a p a i r  o f  o u t p u t s ,  e a c h  
180° o u t  o f  p h a s e ,  One p u l s e  of t h i s  o u t p u t  p a i r  is d i f f e r e n t i a t e d ,  
t h e n  recombined  w i t h  t h e  o t h e r  p u l s e  s o  t h a t  t h e y  i n t e r f e r e .  The 
r e s u l t a n t  i s  d e f i n e d  a s  t h e  ( d L / d t )  pulse . '  A s econd  p u l s e  i s  
t a k e n  s i m u l t a n e o u s l y  e i t h e r  f rom a d i f f e r e n t  t r a n s f o r m e r  output: 
o r  f rom a n o t h e r  P ,  M , . o u t p u t ,  T h i s  s e c o n d  p u l s e  is i n t e g r a t e d  t o  
a l l o w  t h e  u s u a l  e n e r g y  u n f o l d i n g ,  and  i s  d e s i g n a t e d  t h e  ( L d t )  
p u l s e .  
s 
The e n t i r e  s p e c t r u m  o f  p a r t i c l e s  is  d i s p l a y e d  w i t h  a two- 
d i m e n s i o n a l  p l o t  o f  t h e  ($Ldt) vs .  ( d L / d t )  p u l s e s  where  e a c h  
c u r v e  r e p r e s e n t s  a d i f f e r e n t  p a r t i c l e  t y p e ,  F i g u r e  4 shows a 
two-d imens iona l  ' c a n t o u r  d i s p l a y  f o r  a n  Am-Be n e u t r o n  and  gamma 
s p e c t r u m ,  For  a r e l a t i v e  compar i son  o f  t h e  many p u l s e  s h a p e  
d i s c r i m i n a t i n g  s y s t e m s ,  w e  h a v e  p l o t t e d  i n  F i g u r e  5 a one- 
d i m e n s i o n a l  s e c t i o n  t h r o u g h  t h e  two-d imens iona l  s p e c t r a  at' t h e 4  
Co60 Compton e d g e  ( S O X  poin t ' ) ,  
and  n e v e n t s  i s  b e s t  d e s c r i b e d  by t h e  "M" v a l u e ,  t h e  peak  t o  
peak  s e p a r a t i o n  d i v i d e d  by t h e  s u m ' o f  t h e  two f u l l - w i d t h s - a t -  
half-maxima (FWHM). The  s p e c t r u m  of  F i g u r e  § h a s  a "M" v a l u e  
The t e l a t i v e  s e p a r a t i o n ' o f  y 
o f  g r e a t e r  t h a n  3.16 
S i n c e  i t  was n e c e s s a r y  f o r  t h e  n y  d e t e c t o r  and a s s o c i a r e d  
$ 
e l e c t r o n i c s  t o  have  a n  i n - f l i g h t  c a l i b r a t i o n  ( I .  I?. C . )  i n  o r d c r  
t o  check  s t a b i l i t y , .  two d i f f e r e n t  methods  were i n i t i a l l y  d e v e l o p e d .  
I t  w a s  also c o n s i d e r e d  n e c e s s a r y  t h a t  t h e  I .  F. C .  b e  s u c h  as  t o  
c a l i b r a t e  t h e  NE 213  s c i n t i l l a t o r  a l o n g  w i t h  t h e  s u c c e s s i v e  
s y s t e m s  f o r  b o t h  t h e  ( S L d t )  and t h e  ( d L / d t )  pu l s ' e s .  S i n c e  
t h e  P. S .  D .  was a b l e  t o  s e p a r a t e  a fkom b o t h  n and y , and s i n c e  
t h e  a n t i c o i n c i d e n c e  s y s t e m  would n o t  " l e a k "  a n  e x t e r n a l  a ; ,  t h e  
I. F. 6 .  was d e s i g n e d  a round  an a e m i t t i n g  i s o t o p e ,  Am241. 
f i r s t  method t r i e d  was t o  u s e  an  o r g a n i c - m e t a l  s a l t  o f  Am 
which was c o m p I e t e l y  s o l u b l e  i n  t h e  Xylene s o l v e n t  o f  NE 213, 
Although t h e  Am 241 s a l t  n e i t h e r  quenched  t h e  s c i n t i l l a t o r  n o r  
e. 
The 
241 
d e g r a d e d  P a  S. D . ,  i t  was found t o  e x h i b i t  o n l y  m a r g i n a l  a 
s e p a r a t i o n  and t o o  s m a l l  a p u l s e  h e i g h t  r e l a t i v e  t o  t h e  n p u l s e  
h e i g h t .  A p o s s i b l e  e x p l a n a t i o n , m a y  b e  t h e  60  K e v y ,  e m i t t e d  
i n  n e a r  c o i n c i d e n c e  w i t h  t h e  ab A more s a t i s f a c t o r y  method o f  
I ,  F ,  C .  was found by c o u p l i n g  two d i f f e r e n t  t y p e s  o f  s c i n t i l l a -  
t o r s ,  o n e  o r g a n i c  and o n e  i n o r g a n i c ;  t h e  l a t t e r  o f  which was doped 
w i t h  a r a d i o a c t i v e  s a l t  o f  A m 2 4 1 * 3  r A  v e r y  s m a l l  Na1(TL,AmZ4l)doped 
s c i n t i l l a t o r  was found  t o  g i v e  e x c e l l e n t 4  P a  S .  D .  from t h e  n and 
y ,  and t o  b e  o f  s u f f i c i e n t :  p u l s e  he ight :  s o  as t o  form a n  I. F. C b  
w i t h  3.4% r e s o l u t i o n  i n  b o t h  t h e  ( (Ldt )  and  ( d L / d t )  P. H .  A .  
On Board E l e c t r o n i c  Sys tem and Ground ,Decoder System .* 
S i n c e  t h e  e x p e c t e d  t o t a l  c o u n t i n g  r a t e  of t h e  d e t e c t o r  
w i l l  b e  l esn  than  1 0  c o u n t s  pee s e c o n d ,  o n e  may a p p l y  n o i s e  
d e t e c t i n g  and  c o r r e c t i n g  l o g i c  t o  the sys t em6  ' T h i s  low c o u n t  
73'  
r a t e  w i l l  p e r m i t  a d d i n g  r e l i a b i l i t y  t o  t h e  i n f o r m a t i o n  t r a n s -  
m i t t e d .  The d a t a  t o  b e  p u l s e  h e i g h t  a n a l y z e d  is two p a r a m e t e r :  (e)', 6 L d t ) .  The f l i g h t  e l e c t r o n i c s ,  t h e r e f o r e ,  c o n s i s t s  o f  a 
p a i r  o f  l o g a r i t h m i c  a n a l o g  t o  d i g i t a l  c o n v e r t e r s .  S i n g l e  e r r o r  
. d e t e c t i o n  i s  i n c o r p o r a t e d  by t h e  use o f  a p a r i t y  b i t  f o r  t h e  
t r a n s m i s s i o n  o f  t h i s  p a i r  o f  words ,  F u r t h e r m o r e ,  t o  o f f s e t  t h e  
p o s s i b l e  c o n t a m i n a t i o n  o f  t h e  pul!e coded  d a t a  i n  t r a n s m i s s i o n ,  
a r e d u n d a n t ,  o n e  b i t  w i d t h  d e l a y e d  t r a n s m i s s i o n  i s  s e n t  a t  a 
d i f f e r e n t  s u b c a r r i e r  f r e q u e n c y ,  T h i s  same f i x e d  d e l a y  i s  added  
t o  t h e  r e c e i v e d  t e l e m e t r y ,  b u t  i n  t h e  o t h e r  s u b c a r r i e r .  
allows a ' e i m p l e  e l e c t r o n i c  c o m p a r i s o n  c h e c k  o f  t h e  t r a n s m i s s i o n ,  
immune of R I  F, n o i s e ,  
T h i s  
i 
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ABSTRACT 
A p u l s e  shape d i s c r i m i n a t i o n  s y s t e m  has been  d e v e l o p e d  
w i t h  t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :  h i g h  m u l t i - p a r t i c l e  
r e s o l u t i o n  (M33), w i d e  dynamic r a n g e  (1 < En e 30 Mev), 
s i m p l i c i t y ,  p a s s i v e n e s s ,  s t a b i l i t y ,  h i g h - c o u n t - r a t e  capa-  
b i l i t y  ( >  50 K H z ) ,  b u i l t - i n  c a l i b r a t i o n ,  minimum w e i g h t  
( e  20 grams)  and  low power consumpt ion .  T h i s  s y s t e m  s i m u l -  
t a n e o u s l y  e x t r a c t s  t h e  s e p a r a t e  gamma-ray and  n e u t r o n  p u l s e  
h e i g h t  s p e c t r u m s  . The sample  d a t a  p r e s e n t e d  were o b t a i n e d  
w i t h  NE213 l i q u i d  s c i n t i l l a t o r e ,  RCA 8575 p h o t o m u l t i p l i e r s ,  
and  two p a r a m e t e r  p u l s e  h e i g h t  a n a l y t e r s  o 
79 
A Simple  High R e s o l u t i o n  P u l s e  Eihape D i s c r i m i n a t o r .  
I d  I n t r o d u c t i o n  
I n  e x p e r i m e n t s  t o  measure  t h e  fas t  n e u t r o n  e n e r g y  
s p e c t r u m  a t  t h e  t o p  of t h e  e a r t h ' s  a t m o s p h e r e ,  it i s  
n e c e s s a r y  t o  s e p a r a t e  t h e  n e u t r o n  e v e n t s  from t h e  
y - r a y s ,  assuming t h e  u s u a l  a n t i c o i n c i d e n c e  c h a r g e d  p a r t i -  
c l e  s h i e l d  i s  i n c l u d e d .  The p u l s e  shape d i s c r i m i n a t i n g  
s y s t e m  t o  be d e s c r i b e d  p r o v i d e s  good s e p a r a t i o n  of neu- 
t r o n s  from gamma rays o v e r  an e x t e n s i v e  ene rgy  r a n g e ,  
Fo r  y - r ays  t h e  e n e r g y  r e s o l u t i o n  o b t a i n e d  w i t h  t h e  or- 
g a n i c  l i q u i d  s c i n t i l l a t o r  i s  good enough t o  d e t e r m i n e  
t h e  energy s p e c t r u m  of t h e  y - r a y s ,  The data  d i s p l a y  
method p e r m i t s  t h e  s i m u l t a n e o u s  d e t e r m i n a t i o n  o f  b o t h  t h e  
n e u t r o n  a n d  y-ray p u l s e  h e i g h t  s p e c t r u m s e  T h i s  p u l s e  
s h a p e  d i s c r i m i n a t o r  (PSD) has  been used  t o  ,measure t h e  
n e u t r o n  and y-ray s p e c t r u m s  i n  the  a tmosphe re  w i t h  b a l -  
l o o n s  and w i l l  be i n c o r p o r a t e d  i n  a f o r t h c o m i n g  s e r i e s  of 
r o c k e t  f l i g h t s  t o  e v a l u a t e  t h e  e n e r g y  s p e c t r u m  of t h e  
cosmic- ray  n e u t r o n  letikage f l u x .  
The r e q u i r e m e n t s  imposed  and  s u c c e s s f u l l y  r e a l i z e d  
i n  t h e  d e s i g n  of t h e  PSI) were (1) unambiguous s i m u l t a n e o u s  
i d e n t i f i c a t i o n  of  b o t h  
(2) wide  dynamic r a n g e  
/.' 
p a r t i c l e  e n e r g y  and  
( n e u t r o n a ,  1 < En 
p a r t i  
30 Me 
0 . 5  E 10  Mev; ( 3 )  e i m p l i c i t y ;  (4) u s e  of p a s s i v e  
1 
a i r a u i %  alemanim f o r  h i g h  Camperaburs rrbabi l i ty  snd l o w  
power coneumpt ion;  and ( 5 )  minimum e e n e i t i v i t y  t o  p h o t o -  
m u l t i p l i e r  (PM) g a i n  changee ,  P r e e e n t  PSD methods do n o t  
meet a l l  t h e e e  c r i t e r i a  e i m u l t a n e o u s l y ,  For  example ,  t h e  
many method8 e u g g e e t e d  by M. F o r t e  e t  , a l a 1 )  uee f a s t  d iode8  
which, have  i n h e r e n t l y  p o o r  t e m p e r a t u r e  c h a r a c t e r i e t i c e  and 
a l i m i t e d  u e e f u l  dynamic r a n g e .  The PSD o f  F. D e l  B r o o k e 2 ) ,  
and  l a t e r  of W, Daehnick and  R, S h e r r 3 ) ,  i s  v e r y  d i f f i c u l t  
5 
t o  a d j u s t  o v e r  a w i d e  dynamic r a n g e ,  i e  q u i t e  e e n e i t i v e  t o  
any PM g a i n  changee  a n d  only .  t h e  n e u t r o n  c h a n n e l  i s  d i r e c t l y  
d i a p l a y e d ,  The s p a c e  c h a r g e  s a t u r a t i o n  method f i r s t  e m -  
p l o y e d  by R. B, Owen4); and  l a t e r  by  R, B a t c h e l o r  e t  a i m 5 )  
a n d  H ,  W. Brock and  C .  E, A n d e r s o n 6 ) ,  ha8 a v e r y  l i m i t e d  
dynamic r a n g e .  The method of T, K. A l e x a n d e r  a n d  F. S e  
6 
' G o u l d i n g 7 )  i,f~ v e r y  complex. Z e r o  c r o e e i n g  me thode l  ,*) a r e  
a l e o  q u i t e  i n v o l v e d .  
In t h i s  p a p e r  we w i l l  d e e c r i b e  t h e  PSD c i r c u i t ,  t h e  
method o f  i n c o r p o r a t i n g  an i n - f l i g h t  c a l i b r a t o r  i n t o  t h e  
n-y d e t e c t i n g  e y e t e n  and t y p i c a l  PSD s e p a r a t i o n s  of p r o t o n e  
from e l e c t r o n s  
11, , Description of t h e  PSD C i r c u i t  
S i n c e  d i f f e r e n t  p a r t i c l e s  i n  t r a v e r e i n g  some e c i n t i l -  
l a t o r s  l o s e  e n e r g y  by e x c i t i n g  t h e  e l e c t r o n i c  t r a n s i t i o n e  
of  oreonia moteouZea $n Q urrikuo mmnner, the n u o l e a r  p a r t i -  
c l e  t y p e  and e n e r g y  can u s u a l l y  be s i m u l t a n e o u s l y  i d e n t i -  
f i e d .  The e x c i t e d  s c i n t i l l a t o r  s u b e e q u e n t l y  r a d i a t e s  t h i s  
e n e r g y  i n  a p a r t i c u l a r  c o m b i n a t i o n  of mode8 u n i q u e l y  de= 
p e n d e n t  upon t h e  p a r t i c l e  t y p e  and  i t s  e n e r g y  l o s e 9 ) ,  
D i s c r i m i n a t i o n  among t h e  d i f f e r e n t  t y p e s  o f  p a r t i c l e a  i n  a 
t 
e c i n t i l l a t o r  $ 8  u e u a l l y  made by c6mper ing  t h e  a m p l i t u d e s  o f  ' 
t h o  faaO oomgonent t o  hoQal output o f  all the  decay modes 
f o r  each  p a r t i c l e  t y p e i 0 ) .  
r e t i c a l l y  t h a t  t h e  optimum .cornpariaon would be  be tween t h e  
a m p l i t u d e s  of t h e  f a s t  and  t h e  s low componente ,  t h e  eyetem 
Al though it i e  e x p e c t e d  t h e o -  
t o  be d e s c r i b e d  w i l l  compare t h e  s low t o  t h e  t o t a l  i n t e -  
. g r a t e d  a m p l i t u d e  of a l l  d e c a y s ,  The r e a s o n  f o r  t h i e  
method of compar i son  l i e a  i n  t h e  s a t u r a t i n g ,  n o n - l i n e a r  
c h a r a c t e r i s t i c 8  of t h e  PMP i . e . ,  v e r y  f a s t ,  h i g h  i n t e n s i t y  
' . decays  c a n n o t  b e  f a i t h f u l l y  foJ lowed b e c a u s e  of apace  
c h a r g e  s a t u r a t i o n .  Thus,  t h e  uae  of t h e s e  d i s t o r t e d  f a a t  
decays  would c a u s e  a g r e a t e r  d i s p e r s i o n  in t h e  p a r t i c l e  
s e p a r a t i o n ,  A l s o ,  t h e  use of t h e  t o t a l  i n t e g r a t e d  s i g n a l  
s e r v e s  a d u a l  p u r p o s e r  F i r e % ,  t h e  n e c e s s a r y  p u l s e  h e i g h t  
s p e c t r u m  can be e i n u l t a n e o u e l y  e x t r a o t e d  i r o n  it e Second ,  
s i n c e  t h e  t o t a l  i n t e g r a t e d  s i g n a l  must a lways  be  g r e a t e r  ' 
t h a n  e i t h e r  i t a  fas t  o r  s low component a t  t h e  same PM o u t -  
p u t ,  t h e  t o t a l  i n t e g r a t e d  s i g n a l  may be . p i c k e d  o f f  a t  an 
sor l i er  dynode t o  a v o i d  any r u b s s p u s n t  rpooe ahsrge r a t u -  
r a t i o n .  Hence, p r a c t i c a l  c o n s i d e r a t i o n s  d i c t a t e  t h e  com- 
p a r i s o n  of t h e  s low t o  t h e  t o t a l  p u l s e  a m p l i t u d e s .  
The b a s i c  i dea  o f  t h e  PSD i s  t h e  p a r t i a l l y  d e s t r u c t i v e  
" 
and c o n s t r u c t i v e  i n t e r f e r e n c e  o f  a p a i r  o f  e l e c t r o n i c  
p u l s e s  d e r i v e d  from _one PM d e t e c t o r  p u l s e .  T h i s  one  o r i -  
g i n a l  p u l s e  may be  t a k e n  e i t h e r  from a dynode o r  t h e  anode 
o f  t h e  PM. The p a r t i c u l a r  method: of o b t a i n i n g  t h i s  p a i r  of 
p u l s e s  from one p u l s e  u s e s  a 500 m i n i a t u r e  fas t  p u l s e  
t r a n s f o r m e r l l )  c o n n e c t e d  t o  t h e  50n anode o u t p u t  of an 
RCA 8575 PM as shown i n  F i g u r e  1. Such a d e v i c e  w i l l  p r o -  
duce two i d e n t i c a l ,  c o n J u g a t e ,  180' o u t - o f - p h a s e  , u n i p o l a r  
p u l s e s  from one i n p u t  p u l s e ,  i . e . ,  o p p o s i t e  p o l a r i t y ,  b u t  
. e x a c t l y  i n  t i m e  phase.  These two o p p o s i t e  p o l a r i t y  p u l s e s  
a r e  t h e n  o p e r a t e d  upon s e p a r a t e l y  and a u b s e q u e n t l y  recom- 
b i n e d  t o  i n t e r f e r e .  The summing o p e r a t i o n  can  be c a r r i e d  
o u t  i n  e i t h e r  of two me thods : .  a s i m p l e  . r e s i s t o r  summing 
ne twork  o r  another '  two i n p u t ,  n o n - i n v e r t i n g  fas t  p u l s e  t r a n s -  
fo rmer .  
E i t h e r  t h e  f irst  o r  t h e  second o p e r a t i o n  ( a s  shown i n  
.. F i g u r e  1 )  can  be choeen t o  s u i t  t h e  p a r t i c u l a r  s c i n t i l l a t o r  o r  PM 
c h a r a c t e r i s t i c e ,  Such o p e r a t i o n s  a i g h t  be't R 8  d i f f e r e n t i a t i o n  
I .  
RC i n t e g r a t i o n ,  d e l a y ,  c l i p p i n g ,  s t r e t c h i n g  and  i d e n t i t y  (no  
o p e r a t i o n )  . 
The p a r t i c u l a r  p a i r  o f  o p e r a t i o n s  chosen  f o r  t h e  f a s t  
* 
o r g a n i c  l i q u i d 8  such  as N u c l e a r  E n t e r p r i s e s  213  o r  222 were 
RC d i f f e r e n t i a t i o n  a n d  i d e n t i t y ,  i n d i c a t e d  s c h e m a t i c a l l y  i n  
F i g u r e  2’. One p u l s e  i s  RC d i f f e r e n t i a t e d  w i t h  a s h o r t  t i m e  
c o n s t a n t ,  t h u s  p r o d u c i n g  a b i - p o l a r  p u l s e ,  The o t h e r  p u l s e ,  
o f  o p p o e i t e  p o l a r i t y ,  is added t o  i n t e r f e r e  a p p r o p r i a t e l y  and  
t h e r e b y  c a n c e l  t h e  f i ’ r a t  p a r t  o f  t h e  RC d i f f e r e n t i a t e d  bi- 
p o l a r  p u l s e .  Such a c a n c e l l a t i o n  p r o d u c e s  an  e x t r e m e l y  shape 
s e n s i t i v e  o u t p u t  w i t h o u t  t h e  use  o f  any n o n - l i n e a r  d e v i c e s .  ’ 
The u n i p o l a r  o u t p u t  is f i n a l l y  i n t e g r a t e d  b e f o r e  i t  e n t e r s  a 
p r e a m p l i f i e r .  S i n c e  t h i s  p u l s e  is r e l a t e a  t o  a d i f f e r e n t i a t i o n ,  
it is c o n v e n i e n t l y  d e f i n e d  as t h e  ( d L / d t )  p u l s e  and is p a r t i -  
c u l a r l y  dependen t  on p a r t i c l e  t y p e ,  
S i m u l t a n e o u s l y  a p u l s e  l e  t a k e n  f rom a n o t h e r  dynode ,  
i n t e g r a t e d  f o r  e e v e r a l  decay  times, and  t h e n  a m p l i f i e d ,  So 
t h i s  p u l s e  is d e f i n e d  as t h o  L d t  p u l s e  and is r e l a t ed  t o  
p a r t i c l e  e n e r a ,  
S 
The two p u l s e s  ( d L / d t )  and $L d t  are p l o t t e d  a g a i n s t  
each  o t h e r  on a two-pa rame te r  field t o  r e a l i z e ,  t h e  p a r t i c l e  
s e p a r a t i o n ,  T h i s  d i s p l a y  method %e e i m l l e r  t o  t h a t  u s e d  by  
- x E d e t e c t o r  ays t emsr  dE  . d x  
The e n t i r e  PSI) c i r c u i t  d e s i g n e d  f o r  s p a c e  u s e  
weighs  l e s e  t h a n  20 gram8 and is l e s s  t h a n  5 cm i n  
d i a m e t e r  when mounted on a s i n g l e  p r i n t e d  c i r c u i t  * 
board. It haa been taleredl w l t h  %ha RCA 8575 PM opar- 
a ted  a t  n e g a t i v e  h i g h  v o l t a g e .  A p r e l i m i n a r y  l a y o u t  
i e  shown i n  F i g u r e  3. There l e  no l i m i t a t i o n  t o  t h e  
a i z e  r e d u c t i o n  p o s s i b l e ,  b u t  s i n c e  s t ray  c a p a o i t a n c e  
is i m p o r t a n t ,  o p t i m i z a t i o n  would be ‘ n e c e e e a r y  w i t h  
e a c h  r e d e e i g n ,  
I f f ,  R e s u l t s  
F i g u r e  4 is a two-d imens iona l  l o w - l e v e l  c o n t o u r  
L 
d i s p l a y  of (dL/d%) vs J L  d t  f o r  t h e  n e u t r o n  and  y - ray  
s p e c t r u m s  f rom an Am-Be e o u r c e .  The  Co60 Compton-edge 
p u l s e  h e i g h t  c o r r e s p o n d s  t o  an e l e c t r o n  energy  of 1.1 
6 
Mev o r  of r e c o i l  p r o t o n s  o f  a b o u t  3 MeV. For a re la -  
t i v e  compar ieon  w i t h  t h e  many PSI) s y s t e m s ,  we have  
p l o t t e d  i n  F i g u r e  5 a o n e - d i m e n e i o n a l  s e c t i o n  t h r o u g h  
a t w o - d i m e n s i o n a l  s p e c t r u m  a t  t h e  CO6O Compton edge  
( 5 0 %  poin t . ) .  The re la t ’ i re  s e p a r a t i o n  of y and  n e v e n t s  
, 
i s  b e s t  d e e c r i b e d  by  the M va lue ,  d e f i n e d  b y 1 2 )  
where h * peak-to-peek. s e p a r a t i o n  
I .  
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and 6 1  and 6 2  a r e  t h e  f u l l  w id ths  a t  h a l f  maximum f o r  
t h e  two peaks.  For  t h e  data  shown, M 3.1. 
We f i n d  t h + t  M v a l u e e  of 2 can  be o b t a i n e d  down t o  
p r o t o n  ene rg ice  of abou t  1 MeV. On the o t h e r  hand, the 
upper  l i m i t  can b e  e x t e n d e d  t o  g r e a t e r  t h a n  1 5  Mev w i t h  
' no  a p p a r e n t  d e c r e a s e  i n  M, ,Moreove r ,  t h e  a c t u a l  dynamic 
r a n g e  is l i m i t e d ,  n o t  by %he PSD i t s e l f ,  b u t  by t h e  
c h a r a c t e r i e t i c s  of t h e  ampl i f i e r8  and  p u l s e  h e i g h t  ana-  
l y e e r s  f o l l o w i n g  t h e  PSD, 
The t e e t  r e s u l t s  from e x p o s i n g  t h e  a c t u a l  b a l l o o n  
f l i g h t  u n i t  t o  t h e  1 4  Mev m o n o e n e r g e t i c  o u t p u t  from t h e  
( d , t )  r e a c t i o n  and t o  a Co60 y - ray  s o u r c e  s i m u l t a n e o u s l y  
a r e  shown i n  F i g u r e  6 ,  The n e u t r o n  e n e r g y  r a n g e  i s  1 t o  
1 5  Mev and  w i t h  a g a i n  change can be i n c r e a s e d  t o  30 M e V o  
Con tour s  of f u l l  w i d t h  a t  h a l f  maximum (FWHM) are p l o t t e d *  
The c o - o r d i n a t e  s y s t e m  i s  n o n - l i n e a r  t o  make optimum u s e  
of t h e  p u l s e  h e i g h t  a n a l y z e r  r ange ,  a s suming  t h a t  t h e  
n e u t r o n  d i f f e r e n t i a l  e n e r g y  s p e c t r u m  a t  t h e  t o p  of t h e  
a tmosphe re  can be c r u d e l y  r e p r e s e n t e d  by K/E. 
Two method8 of i n - f l i g h t  c a l i b r a t i o n  ( I F C ) ,  b o t h  o f  
which used  a l p h a  p a r t i c l e  s o u r c e s ,  ,were t r i e d .  These were 
d e s i g n e d  a b o u t  t h e  c o n c e p t  of a b n - e n c l o e i n g ,  a n t i -  
c o i n c i d e n c e ,  c h a r g e d  p a r t i c l e  s h i e l d '  3 ,  T h i s  allow8 the  
i n n e r ,  e n c l o s e d  BE213 deaectolf t o  'observe" o n l y  n e u t r a l  
86 
r a d i a t i o n .  S i n c e  e x t e r n a l  a l p h a  p a r t i c l e s  would n o r m a l l y  be 
e x c l u d e d ,  t h e  a - p a r t i c l e  r e g i o n  of t h e  two-pa rame te r  d i s p l a y  
can b e  c o n v e n i e n t l y  used  t o  d i s p l a y  t h e  o u t p u t  from an  i n -  
1 
terne1  a-part ic le  X F C ,  
The f i r s t  method i n v o l v e d  'a r a d i o a c t i v e  a l p h a - e m i t t i n g  
.y 
s a l t  of Am241  c o m p l e t e l y  s o l u b l e  i n  HE213 and y e t  n o t  
d e t r i m e n t a l  t o  t h e  PSI) p r o p e r t y  of, t h e  ~ c i n t i l l a t o r l ~ ) .  
Although t h i s  a p p r o a c h  w a s  s u c c e s s f u l ,  it w a s  n o t  u s e f u l  i n  
t h i s  a p p l i c a t i o n  b e c a u s e  t h e  l i g h t  o u t p u t  o b t a i n e d  by a lpha  
p a r t i c l e  e x c i t a t i o n  of t h e  o r g a n i c  s c i n t i l l a t o r  w a s  t o o  small  
r e l a t i v e  t o  n e u t r o n  e x c i t a t i o n  i n  t h e  e n e r g y  r a n g e  of i n t e r e s t .  
The s e c o n d  IFC method used  a small  c h i p  of NaI (T1)  l i g h t  
p u l s e r l 5  doped w i t h  Am24'1 ( e 4  mm d i a m e t e r  x 4 mm l o n g ) .  The 
p u l s e  s h a p e  s e p a r a t i o n  w i t h  such  a t e c h n i q u e  i s  e x c e p t i o n a l  
b e c a u s e  t h e  much slow'er decay  t i m e  o f  NaI(T1)  i s  e a s i l y  d i g -  
c r i m i n a t e d  from t h e  f a s t  o r g a n i c  (NE213) d e c a y s ,  t o e o 9  t h e  
PSD s y a t e m  is o p e r a t i n g  'as a phoswich16)  . 
l 
T h e  p u l s e  h e i g h t s  from t h e  s c i n t i l l a t o r  fo r  t h e  IFC can 
b e  a d j u s t e d  b y  c h a n g i n g  t h e  s i z e  of t h e  e x i t  a p e r t u r e  on t h e  
c r y s t a l  f a c e  of t h e  m i n i a t u r e  l i g h t  p u l s e r o  The  a l l o c a t i o n  
of PHA area t o  t h e  p e r t i n e n t  e n e r g y  r e g i o n  of i n t e re s t  can  be 
o p t i m i z e d ,  y e t  an  a-IFC peak  can be r e t a i n e d  i n  t h e  ad jacent  
r e g i o n .  The o u t p u t  from s u c h  an IFC %e shown in t h e  u p p e r  
r i g h t - h a n d  p o r t i o n  of t h e  dl t /dt  TB JII  df p l o t  i n  F i g u r e  6 6  
Improved e n e r g y  r e s o l u t i o n  i n  t h e  IFC can  be o b t a i n e d  
by u s i n g  a s t r o n g e r  s o u r c e .  I n  t h i s  flight u n i t  t 
t e l e m e t r y  s y s t e m  l i m i t e d  t h e  c o u n t i n g  r a t e  of t h e  IFC 
8 
eOUrQB Is0 @4 ara-' .  
IV, D i s c u s s i o n  
Al though '  t h i s  method h a s  t h e  o b v i o u s  d i s a d v a n t a g e  
o f  r e q u i r i n g  a two-pa rame te r  PHA, one  can o b t a i n  ex-  
c e l l e n t  n-y s e p a r a t i o n  ( M S 3 )  over a wide dynamic r a n g e  
(1 En 30 Mev) a t  r e l a t i v e l y  h igh  c o u n t  ra tes  
( >  5 x l o 4  a e c - l ) *  No e f f o r t  waa made t o  go t o  n e u t r o n  
e n e r g i e s  lower  t h a n  one Mev, n o r  haa  t h e  u p p e r  l i m i t  
b e e n  e x p l o r e d ,  go a d j u s t m e n t  o f  t h e  PSD i s  needed f o r  
changes  i n  any o f  t h e  f o l l o w i n g :  i n d i v i d u a l  c h a r a c t e r -  
i s t i c s  of 8575 PM t u b e s ,  h i g h  v o l t a g e  v a l u e ,  t y p e  o f  
PSD l i q u i d  s c i n t i l l a t o r s ,  o r  p a r t i c l e  e n e r g y .  
I 
I n  c o n c l u s i o n ,  t h i s  PSD s y s t e m  h a s  t h e  a d v a n t a g e  
o f  s i m p l i c i t y ,  p a s s i v e n e a s  and  m i n i a t u r i z a t i o n ,  It  
o p e r a t e s  o v e r  8 wide dynamic r a n g e  w i t h  ' h i g h  r e e o l u t i o n  
and makes p o s s i b l e  m u l t i p l e  p a r t i c l e  p u l e e  s h a p e  d i s -  
c r i m i n a t i o n ,  
T h i a  r e s e a r c h  waa s u p p o r t e d  unde r  N a t i o n a l  A e r o n a u t i c 8  
and  Space  A d m i n i s t r a t i o n  c o n t r a c t  NASr-164 , 
We a r e  g r a t e f u l  t o  D r ,  V i c t o r  S c h e r r e r ,  N e t i o n a l  Aero- 
n s u t l o s  and Bpaoe A d m i n l a t r a t l a n ,  Elee%ronies  C a n t e r ,  Bos ton ,  
M a s a a c h u a e t t a ,  and D r ,  E, Chupp, U n i v e r a i t y  o f  New Hampshi re ,  
. f o r  t h e  use  o f . a p e c i a l i z e d  e l e c t r o n i c e  e q u i p m e n t ,  The com- 
p u t e r  programming for t h e  d a t a  d i s p l a y  waa d e v e l o p e d  by M r r  
Arche r  Buck and  Mrs. S r  Dewdney. M r .  Edward l i c k o l o f f  
a a e i s t e d  with e e r e r a l  d a t a  r u n s .  
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Figure Captions 
Figure 1. Sohematic diagram of  t h e  PSD o p e r a t i o n s .  
' 2. PSD c i r c u i t  diagram 
3. ' PSD mounted on microatr ip  
40 T w o  parameter ( 6 4  x 6 4 )  l o w - l e v e l  contour d i s p l a y  
. of  t h e  Am-Be n-y spectrums. 
5 .  S i n g l e  parameter c r o s s - s e c t i o n  f o r  Figure 4 
a t  the  energy equ iva lent  t o  t h e  Co60 Compton 
edge . 
' 6 .  Two parameter (64  x 6 4 )  contour d iap lay  of 
.14 MeV neutrons and Co60 y-ray epectrums 
f o r  f l i g h t  u n i t  e a 
91 
$igure 1 
Fast Neutron-Gamma ray detection system 
'-1 
DYNODE r -  
If' U. 
Figure 2 

9 3  
I 
Figure 3 
LI dL 
dt 
Section 00 CO6O 
Cmpton edge 
94 
- dL 
dt 
Figure 5 
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A T o t a l  E n c l o s i n g  A c t i v e  Charged P a r t i c l e  S h i e l d  
I 
R, N: S t .  Onge a n d  J. A ,  Lockwood 
U n i v e r s i t y  of New Hampshire 
P h y s i c s  Department  
Durham, N e w  Hampshire 
I n  o r d e r . t o  measure a c c u r a t e l y  t h e  n e u t r o n  and  gamma- 
r a y  f l u x e s  a t  t h e  t o p  o f  t h e  a t m o s p h e r e ,  i t  i s  n e c e s s a r y  t o  
s u r r o u n d  t h e  n e u t r o n  a n d  gamma-ray d e t e c t o r  w i t h  a n  a n t i -  
c o i n c i d e n c e  c h a r g e d - p a r t i c l e  s h i e l d .  S i n c e  t h e  " r a t i o  o f  t h e  
n e u t r o n  o r  y - r ay  f l u x  t o  t h e .  c h a r g e d - p a r t i c l e  f l u x  i s  small ,  
t h e  s h i e l d  must be  v e r y  e f f e c t i v e  ( >  99.9%) i n  r e J e c t i n g  m i n i -  
mum i o n i z i n g  c h a r g e d '  p a r t i c l e s  F o r  a s e r i e s  o f  b a l l o o n  f l i g h t s  
w e  have d e s i g n e d  a 4n  a c t i v e  c h a r g e d - p a r t i c l e  s h i e l d ,  which 
o p e r a t e s  i n  a n t i c o i n c i d e n c e  w i t h  t h e  e n c l o s e d  n e u t r o n  d e t e c t o r ,  
Neu t rons  are  s e p a r a t e d  from y - rays  i n  t h e  i n n e r  d e t e c t o r  by a 
s i m p l e  p u l s e - s h a p e  d i s c r i m i n a t i n g  (PSD) c i r c u i t l , 2 ) .  The 
e n t i r e  s h i e l d  h a s  a minimum t o t a l  mass f o r  t h e  g i v e n  i n t e r n a l  
volume and  u s e s  o n l y  two p h o t o m u l t i p l i e r s ,  b o t h "  l o c a t e d  w i t h i n  
t h e  volume 0f t h e  a c t i v e  s h i e l d .  The a d i a b a t i c  l i g h t  p i p i n g  
c o n c e p t s  u s e d  in t h e  s h i e l d  t o  m i n i m i z e  t h e  l i g h t  a t t e n u a t i o n  
from u n n e c e s s a r y  c o r n e r s  i n s u r e s  e x c e l l e n t  c h a r g e d - p a r t i c l e  
r e 3 e c t i o n .  Only s i m p l e  l o g i c  c i r c u i t s  are r e q u i r e d  i n  t h e  
a s s o c i a t e d  e l e c t p a n i c  s y s t e m  for & a u n t  r a t e s  -103 sec-1 6 
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The g e n e r a l  s h a p e  and s i z e  o f  t h e  dome are i n d i c a t e d  
i n  F i g u r e  1, Two h o l l o w  p l a s t i c  s c i n t i l l a t o r s  ( N E l O Z ) ,  which 
a r e  h e m i s p h e r i c a l  s e c t i o n s ,  are  o p t i c a l l y  mated w i t h  a ho l low 
c y l i n d r i c a l  s e c t i o n  of t h e  aame mater ia l .  A p h o t o m u l t i p l i e r  
( R C A  C70132A) w i t h  a c u r v e d  p h o t o c a t h o d e  is o p t i c a l l y  p o t t e d  
i n t o  t h e  i n s i d e  o f  t h e  t o p  s e c t i o n ,  w i t h  t h e  same a r r a n g e -  
ment i n  t h e  l o w e r  h a l f - s e c t i o n .  The e f f e c t s  o f  b o t h  t o t a l  
i n B e r n a l  r e f l e c t i o n  ( T I R )  and  s p e c t r a l  r e f l e c t i o n  ( S R )  a r e  
s u c c e s s f u l l y  combined i n  t h e  s h i e l d  d e s i g n .  T I R  is f i r s t  used  
t o  g a t h e r  t h e  s c i n t i l l a t i o n  l i g h t  f a l l i n g  
a n g l e s  d e f i n e d  by S n e l l ' s  l a w .  S e c o n d l y ,  
aluminum foil, l o o s e l y  wrapped a round  t h e  
- 
w i t h i n  t h e  a c c e p t a n c e  
SR from t h e  c r i n k l e d  
e n t i r e  dome, re-  
c h a n n e l s  t o  t h e  p h o t o m u l t i p l i e r  t h a t  l i g h t  f a i l i n g  t o  meet t h e  
i n i t i a l  T I R  c r i t i c a l  a n g l e ,  D i f f u s e  w h i t e  p a i n t  i s  a p p l i e d  
d i r e c t l y  t o  t h e  o u t s i d e  of  t h e  dome areas  n e a r  each  PM t o  d i f -  
f u s e l y  s c a t t e r  more l i g h t  i n t o  t h e  PM c a t h o d e s .  
The o u t p u t s  f rom t h e  two p h o t o m u l t i p l i e r s  are f e d  
s e p a r a t e l y  i n t o  p a r a l l e l  sum and c o i n c i d e n c e  l o g i c '  ( F i g u r e  2) e 
T h i s  i n s u r e s  o p e r a t i o n  u n d e r  t h e  w o r s t  s i t u a t i o n s  where p a r t i -  
c l e s  do n o t  t raverse  e n t i r e l y  t h r o u g h  t h e  dome, i e e a p  e n t e r  
b u t  do n o t  e x i t ,  Two s u c h  e x t r e m e  s i t u a t i o n s  w i l l  be des- 
c r i b e d &  F i r s t ,  i f  a c h a r g e d  p a r t i c l e  p a s s e s  t h r o u g h  t h e  dome 
w a l l  nqtsrr e i t h e r  PMo t h e r e  w i l l  b e  a v e r y  l a r g e  s i g n a l  g'en- 
e r a t ed  a t  t h a t  BM,' However, t h e r e  nay,be no d e t e c t a b l e  
98 
s i g n a l  a t  t h e  d i s t a n t  PM. Thus ,  t h e  c o i n c i d e n c e  c i r c u i t  would 
p r o b a b l y  n o t  be t r i g g e r e d .  On t h e  o t h e r  h a n d ,  t h e  summing c i r -  
c u i t ,  which i s  f o l l o w e d  by a v o l t a g e  t h r e s h o l d  d i s c r i m i n a t o r  
w i l l  r e c o g n i z e  t h e  v e r y  l a r g e  s i g n a l  ( n e a r  PM) added t o  t h e  v e r y  
smal l  s i g n a l  ( d i s t a n t  PM). T h i s  l a r g e  s i g n a l  i n  t h e  summing 
c i r c u i t  t r i g g e r s  t h e  a s s o c i a t e d  l o w e r  l e v e l  d i s c r i m i n a t o r .  Such 
an  e v e n t  would n o t  be r e l i a b l y  d e t e c t e d  i n  t h e  normal  c o i n c i -  
dence l o g i c .  The s e c o n d  ex t r eme  s i t u a t i o n  w i l l  o c c u r  when a 
p a r t i c l e  e n t e r s  t h e  c y l i n d r i c a l  s e c t i o n  a b o u t  e q u i - d i s t a n t  from 
t h e  two p h o t o m u l t i p l i e r s  and  g e n e r a t e s  smal l ,  a p p r o x i m a t e l y  
e q u a l ,  s i g n a l s  i n  t h e  two p h o t o m u l t i p l i e r s  a Hence , t h e  loweP 
l e v e l  d i s c r i m i n a t o r s  b e f o r e  t h e  c o i n c i d e n c e  c i r c u i t ,  which 
have  been  s e t  a t  a l o w e r  PeveP t h a n  f o r  t h e  summing c i r c u i t ,  
are  s i m u l t a n e o u s l y  t r i g g e r e d  t o  g e n e r a t e  a c o i n c i d e n c e  ga t e .  
I n  t h i s  l a t t e r  s i t u a t i o n ,  t h e  summing ne twork  may a l s o  s u p e r -  
f l o u s l y  g e n e r a t e  a s i g n a l  from i t s  a s s o c i a t e d  l o w e r  l e v e l  
d i s c r i m i n a t o r .  However, i n  t h i s  c a s e ,  d e f i n i t i v e  g a t i n g  i s  
p r o v i d e d  by t h e  Co inc idence  c i r c u i t  
Q t h e r  e v e n t s  p roduced  by p a r t i c l e s  n o t  t r a v e r s i n g  t h e  
dome w i l l  be a combina t ion  of t h e  above two ex t r eme  c a s e s r  Fo r  
most c a s e s  where t h e  c h a r g e d  p a r t i c l e  p e n e t r a t e s  c o m p l e t e l y  
t h r o u g h  %he dome t h e  g a t i n g  i s  p r o v i d e d  by t h e  c o i n c i d e n c e  l o g i c ,  
Then, t h e  summing c i r c u i t  p r o v i d e s  r e d u n d a n c y o  
T h i s  d e s i g n  i s  based e s s e n t i a l l y  upon t h e  s h i e l d  t h i c  
n e s s  b e i n g  c o m p e n s a t i n g l y  g r e a t e r  a t  l a r g e r  d i s t a n c e s  from t h  
p h o t o t u b e s .  Consequen t ly ,  t h e  p a r t i c l e  p r o d u c e s  an a p p r o p r i -  
a t e l y  l a r g e r  s i g n a l  f a r t h e r  f rom t h e  p h o t o t u b e s ,  F u r t h e r ,  t h e  
l i g h t  i s  a d i a b a t i c a l l y  g u i d e d  t o  c o n c e n t r a t e  upon t h e  small  
r e g i o n  o f  t h e  PM c a t h o d e ,  To p r o v i d e  t h i s  l i g h t  g e n e r a t i n g  com- 
p e n s a t i o n ,  and  y e t  f a c i l i t a t e  m a n u f a c t u r i n g ,  t h e  c e n t e r s  o f  
c u r v a t u r e  were o f f s e t  f o r  t h e  i n n e r  and  o u t e r  s p h e r i c a l  s u r f a c e s .  
Fo r  an i n i t i a l  d e s i g n  c r i t e r i o n  w e  can  w r i t e :  
where X = d i s t a n c e  (cm) a l o n g  t h e  l i g h t  p a t h  from t h e  
p a r t i c l e  e n t r y  p o i n t  t o  t h e  p a r t i c u l a r  PM. 
f l ( X ) =  t h i c k n e s s  f u n c t i o n  f o r  p a r t i c l e  e n t r y  a t  X I ,  
/' 'Rl(X) = a t t e n u a t i o n  f u n c t i o n  f o r  l i g h t  t o  t r a v e l  
f rom X 1  t o  PM1, 
H = a c o n s t a n t  i n d e p e n d e n t  of X o  
And t h e  a t t e n u a t i o n  w a s  t a k e n  t o  be:  
g (X)  = K exp(-X/20) ,  s o  t h a t  t h e  t h i c k n e s s  
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T h i s  f u n c t i o n  f o r  a s i n g l e  PM i s  p l o t t e d  i n  F i g u r e  3 
o v e r  t h e  n e c e s s a r y  r a n g e  o f  X. Then as a f i r s t  a p p r o x i m a t i o n  
f o r  t h e  t h i c k n e s s e s  i n  t h e  dome o f  a 25 c m  diameter ,  t h e  nec-  
e s s a r y  r a e i o  o f  %he maximum t o  t h e  minimum t h i c k n e s s  was 
t a k e n  as ' 3 /2 .  T h i s  i s  o n e - h a l f  t h e  r a t i o  shown i n  F i g u r e  3 
b e c a u s e  two PM'B are summed i n  t h e  f l i g h t  u n i t .  S i n c e  t h e  s i z e  
o f  t h e  PM c a t h o d e  r e q u i r e d  a minimum dome t h i c k n e s s  o f  abou t  
_ .  
1.11 cm f o r  a d e q u a t e  s t r e n g t h  n e a r  t h e  PM, t h e  maximum w a l l  
t h i c k n e s s  a t  t h e  c e n t e r  s e c t i o n  must be a b o u t  1 . 5 9  cm, which i s  
accompl i shed  by a c e n t e r  o f f s e t  o f  0.48 cm ( F i g u r e  1). 
Af te r  c o n s t r u c t i o n  o f  t h e  s h i e l d ,  . the  e x p e r i m e n t a l  re-  
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sponse  of a s i n g l e  PM t o  t h e  p o s i t i o n  o f  a Am I n t e g r a l  L i g h t  
P u l s e r J )  was measured  t o  be a p p r o x i m a t e l y :  
f ( X )  1 . 1 8  exp(-X/2)  + 0.15 exp(=X/SO) 
as shown i n  F i g u r e  3 ,  The added f i r s t  term i n  f ( X )  i s  r e l a t e d  
t o  t h e  i n i t i a l  r a p i d  change  w i t h  X of t h e  s o l i d  a n g l e  s u b t e n d e d  
by t h e  s o u r c e  a t  t h e  PM, n e g l e c t e d  i n  t h e  o r i g i n a l  d e s i g n .  The 
s e c o n d  t e rm e x p (  -X/50) i s  t h e  normal  e x p o n e n t i a l  l i g h t  a t t e n u -  
a t i o n  o f  t h e  c u r v e d  mater ia l ,  
Based upon t h i s  measurement ,  w e  can  improve t h e  o r i g i n a l  
d e s i g n .  However, s i n c e  t h e  e x a c t  i n v e r s e  of f ( X )  i s  n o t  a 
s i m p l e  f u n c t i o n ,  i t  i s  d i f f i c u l t  t o  machine  t h e  s h i e l d  t o  con- 
form t o  f ( X ) ' l .  
maximum t o  minimum t h i c k n e s s  c o u l d  be made e q u a l  t o  t h e  f r a c t i o n -  
a l  loss by t ransm3.ssion f o r  t h e  near  t o  t h e  f a r  l i g h t  p a t h s ,  
But as a b e s t  a p p r o x i m a t i o n ,  t h e  ' r a t i o  o f  
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From F i g u r e  3 t h i s  i s  5 . 2 ,  which i s  t w i c e  t h a t  f o r  two PM's, 
Thus ,  t h e  second  g e n e r a t i o n  o f  c h a r g e d - p a r t i c l e  s h i e l d s  t o  
be b u i l t  s h o u l d  have  a maximum t h i c k n e s s  o f  2 .54  cm w i t h  a 
l 
minimum of 1.11 cm which can  be o b t a i n e d  by a c e n t e r  offset o f  
1.11 cm* 
Some n-y d e t e c t i n g  s y s t e m s  have  u s e d  one p h o t o m u l t i p l i e r  
t o  view b o t h  t h e  n-y d e t e c t o r  and t h e  c h a r g e d - p a r t i c l e  s h i e l d .  
Such a s h i e l d  o n l y  e n c l o s e s  t h e  n-y s c i n t i l l a t o r  a g a i n s t  s e c o n d a r y  
p r o d u c t i o n  and  n o t  t h e  a s s o c i a t e d  PM o r  e l e c t r o n i c s .  A p u l s e -  
s h a p e  d i s c r i m i n a t i o n  (PSD) c i r c u i t  s e p a r a t e d  n e u t r o n s  from 
y - rays  i n  t h e  i n n e r  d e t e c t o r  a n d  a phoswich ing  t e c h n i q u e  4 ' 5 )  
gates  o f f  t h e  n-y d e t e c t o r  whenever  a c h a r g e d  p a r t i c l e  p a s s e d  
t h r o u g h  t h e  t h i n  phoswich s h i e l d .  With s u c h  a scheme,  it i s  
v e r y  d i f f i c u l t  t o  p r o v i d e  t h e  n e c e s s a r y  h i g h  r e s o l u t i o n ,  unam- 
b i g u o u s  s c i n t i l l a t i o n  l i g h t  t o  t h e  PSD sys t em which i s  r e q u i r e d  
t o  s e p a r a t e  t h e  n e u t r o n  a n d  gamma-ray s p e c t r a  ). S c i n t i l l a t i o n s  
i n  t h e  phoswich ( c h a r g e d - p a r t i c l e  s h i e l d )  and  i n  t h e  i n t e r n a l  
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s c i n t i l l a t o r  from n e u t r o n s  and y - r a y s  become o p t i c a l l y  mixed,  
It i s  t h e n  d i f f i c u l t  t o  decompose t h e  l i g h t  c o m b i n a t i o n s  t o  
d i s t i n g u i s h  t h e  n e u t r o n s  from t h e  y - r a y s ,  as w e l l  as from t h e  
c h a r g e d  p a r t i c l e s  a 
C o n v e r s e l y ,  if s i m p l e  f l a t - s h e e t  s c i n t i l l a t o r s  are 
s h a p e d  i n  a boxs many PM's are r e q u i r e d  t o  p r o v i d e  e x c e l l e n t  
c h a r g e d - p a r t i c l e  r e j e c t i o n ,  If t h e  PM's are p l a c e d  i n s i d e ,  t h e  
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box must b e  l a r g e r  t h a n  w i t h  t h e  dome d e s i g n .  Such a l a r g e  
s h i e l d  w i l l  have  h igh -coun t  ra tes  and  c o n s e q u e n t l y  l a rge  dead 
t imes .  A l t e r n a t i v e l y ,  t h e  PM's c o u l d  be p l a c e d  o u t s i d e ,  b u t  
t h i s  would i n c r e a s e  the cosmic- ray  p roduced  s e c o n d a r i - e s  and  
I 
d i s t o r t  t h e  ambient  n e u t r a l  p a r t i c l e  s p e c t r a .  
We b e l i e v e  t h a t  t h i s  r e p r e s e n t s  a c o n s i d e r a b l e  advance 
i n  t h e  d e s i g n  and o p e r a t i o n  o f  c h a r g e d - p a r t i c l e  s h i e l d s  f o r  
neu%ron  and gamma-ray e x p e r i m e n t s ,  A r e c e n t  b a l l o o n  f l i g h t  o f  
s e v e r a l  h o u r s  d u r a t i o n  h a s  shown t h a t  t h e  o r i g i n a l  d e s i g n  i s  
a d e q u a t e .  It i s  i m p o r t a n t  t o  n o t e  t h a t  t h i s  minimum mass s h i e l d  
would n o t  work r e l i a b l y  w i t h o u t  b o t h  t h e  c o n c e p t  o f  non-uniform 
t h i c k n e s s  and  t h e  p a r a l l e l  sum-coinc idence  e l e c t r o n i c  l o g i c .  
We acknowledge t h e  a s s i s t a n c e  o f  Messrs. Edward 
N i c k o l o f f  and  David Klumpar,  i n  v a r i o u s  s tages  o f  t h i s  i n v e s t i -  
g a t i o n .  A l s o ,  we are  g r a t e f u l  t o  M r ,  David F o r r e s t  f o r  
v a l u a b l e  d i s c u s s i o n s  c o n c e r n i n g  s h i e l d i n g  methods.  The  dome 
w a s  m a n u f a c t u r e d  by  N u c l e a r  E n t e r p r i s e s ,  I n c .  , under  t h e  
c o o p e r a t i o n  and  g u i d a n c e  o f  M r .  J ohn  Heath. T h i s  r e s e a r c h  w a s  
s u p p o r t e d  by t h e  N a t i o n a l  A e r o n a u t i c s  a n d  Space  A d m i n i s t r a t i o n  
c o n t r a c t  NASr-1646 
. 
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Figure Captions 
Figure 1 Charged p a r t i c l e  s h i e l d .  
2 Schematic o f  charged-part i c l e  e l e c t r o n i c s  system, 
3 Transmission c h a r a c t e r i s t i c s  o f  t h e  charged-part ic le  
s h i e l d s ,  
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ABSTRACT 
The e n e r g y  s p e c t r u m  o f  f a s t  n e u t r o n s  (3-20 M e V )  i n  
%he a tmosphe re  a t ,  t h e  P f o t z e r  maximum ("100 glcm2)  w a s  
measured  a t  geomagne t i c  l a t i t u d e  42'N (Pc  = 4 .4  G V ) ,  The  
n-y d e t e c t o r  w a s  a 5 x 5 em diameter  c e l l  o f  o r g a n i c  l i q -  
u i d  s c i n t i l l a t o r  (NE2131 c o u p l e d  t o  a h i g h - r e s o l u t i o n ,  
two-paramet e r  , m u l t i p a r t i c l e  p u l s e - s h a p e  , d i s c r i m i n a t o r  
(PSD)  w i t h  a two-pa rame te r  ( 6 4  x 64)  l o g a r i t h m i c  p u l s e -  
h e i g h t  a n a l y z e r ,  An a n t i c o i n c i d e n c e  c h a r g e d - p a r t i c l e  
s h i e l d  c o m p l e t e l y  e n c l o s e d  t h e  n-y d e t e c t o r .  The s p e c t r a l  
p a r a m e t e r  f 3 ( E )  o f  t h e  d i f f e r e n t i a l  n e u t r o n  e n e r g y  s p e c t r u m  
decreased smoo th ly  from 4,O f 1.0 a t  3 MeV Lo 1 . 2  k 0.7 
a t  20 MeVe' The i n t e g r a t e d  n e u t r o n  f l u x  a t  P f o t z e r  maxi- 
mum between 3.5 and 10.0 MeV wae 0.36 f 0.10 neu t rons / cm2  
s e c .  The i m p l i c a t i o n s  of t h e s e  r e s u l t s  f o r  t h e  h igh -ene rgy  
a l b e d o  n e u t r o n  l e a k a g e  as a s o u r c e  o f  t h e  e n e r g e t i c  p r o t o n  
f l u x  i n  t h e  r a d i a t i o n  b e l t s  are d i s c u s s e d .  
address: P h y s i c s  Depar tment  'Michigan S t a t e  
i v e r s i t y ,  
I o  I N T R O D U C T I O N  
* .  
Neut rons  i n  t h e  e a r t h ' s  a tmosphere  are p roduced  by 
. t h e  i n t e r a c t i o n  o f  b o t h  g a l a c t i c  and  s o l a r  cosmic  r a y s  
w i t h  a i r  n u c l e i .  An i n v e s t i g a t i o n  Qf  t h e  e n e r g y  s p e c t r u m  
a n d  f l u x  of t h e  n e u t r o n s  from b o t h  o f  t h e s e  s o u r c e s  is 
i m p o r t a n t  f o r  s e v e r a l  r e a s o n s :  (1) a n  e n e r g e t i c  n e u t r o n  
d i f f u s i n g  o u t  o f  t h e  a tmosphere  can  decay  i n t o  a p r o t o n  
a n d  e l e c t r o n  w i t h i n  t h e  magnetosphere  and t h e n  t h e s e  may 
b e  t r a p p e d  by t h e  geomagne t i c  f i e l d  t o  c o n t r i b u t e  t o  t h e  
r a d i a t i o n  b e l t s 1 ;  (2) t h e  c a p t u r e  o f  n e u t r o n s  by  atmos- 
p h e r i c  n i t r o g e n  i s  r e s p o n s i b l e  f o r  t h e  p r o d u c t i o n  of t h e  
a g e - d a t i n g  n u c l e u s  C1l0 t h r o u g h  t h e  r e a c t i o n  N 1 4 ( n , p ) C 1 4 ;  
and  ( 3 )  t h e  n e u t r o n s  are g e n e t i c a l l y  r e l a t e d  t o  t h e  l o w e r  
p o r t i o n  o f  t h e  e n e r g y  s p e c t r u m  of t h e  g a l a c t i c  cosmic  
r a y s  A comprehens ive  r ev iew of a t m o s p h e r i c  n e u t r o n s  h a s  
been  g i v e n  by Schopper  e t  a1.2. 
Any e v a l u a t i o n  of t h e  c o n t r i b u t i o n  made by t h e  neu- 
t r o n  leakage  (1) t o  t h e  p o p u l a t i o n  of e n e r g e t i c  p r o t o n s  i n  
t h e  i n n e r  r a d i a t i o n  b e l t  depends upon a knowledge o f  t h e  
n e u t r o n  e n e r g y  s p e c t r u m  and f l u x  at t h e  t o p  of, O r  above ,  
t h e  a tmosphe re ,  C a l c u l a t i o n s  have  been  made 0f t h e  i n -  
t e n s i t y  and  e n e r g y  s p e c t r u m  of the n e u t r o n  leakage305,  
Dragt e t  a l O 6  and Hess a n d  K i l l e e n 7  he& u s e d  t h e s e  
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1 .  
c a l c u l a t i o n s  t o  d e t e r m i n e  q u a n t i t a t i v e l y  t h e  c o n t r i b u t i o n s  
t o  t h e  r a d i a t i o n  b e l t s .  T h e s e  c a l c u l a t e d  r e s u l t s  agree 
t h a t  t h i s  s o u r c e  mechanism i s  i n a d e q u a t e  f o r  t r a p p e d  
p r o t o n s  w i t h  E < 2 0  M e V  and  for p r o t o n s  w i t h  E > 2 0  M e V  
I 
is probably an o r d e r  o f  nragn3,Gude %os emt%ll .  
D i r e c t  e x p e r i m e n t a l  e v i d e n c e  on t h e  n e u t r o n  e n e r g y  
s p e c t r u m  nea r  t h e  t o p  o f  t h e  a tmosphe re  i s  e s s e n t i a l l y  
l i m i t e d  t o  measurements  of Haymes8, H o l t  e t  a1.9,  B a i r d  
and WilsonlO,  Mendel l  and Korffll, Zych and F r y e 1 2 .  The 
r e s u l t s  o f  Zych and  Frye  i n  t h e  e n e r g y  r a n g e  1 2  c E c 
100 MeV were o b t a i n e d  w i t h  a s p a r k  chamber. The o t h e r  
measurements  were a11 made w i t h  r e c o i l - p r o t o n  d e t e c t o r s  
u s i n g  a c o m b i n a t i o n  of  phoswich ing  and  p u l s e - s h a p e  
d i s c r i m i n a t i o n  (PSD) t o  s e p a r a t e  n e u t r o n e  from gamma-rays 
and c h a r g e d  p a r t i c l e s  
n 
T h e  p r e s e n t  e x p e r i m e n t  w a s  d e s i g n e d  t o  measure  t h e  
n e u t r o n  e n e r g y  s p e c t r u m  and  f l u x  i n  t h e  e n e r g y  i n t e r v a l  
3-20 M e V .  The n e u t r o n  d e t e c t o r  u t i l i z e d  a s e p a r a t e  
c h a r g e d - p a r t i c l e  r e j e c t i o n  scheme a n d  a two-parameter  
d i s p l a y  s y s t e m  f o r  t h e  PSD which s e p a r a t e s  gamma r a y s  
from n e u t r o n s .  I n  t h i s  a r t i c l e  t h e  n e u t r o n  e n e r g y  gpec-  
t r u m  and f l u x  measured  d u r i n g  a b a l l o o n  f l i g h t  on 
7 September  1968 from P a l e s t i n e ,  Texas,  are p r e s e n t 7 d  
w i t h  s,ome d i s c u s s i o n  of  t h e  n o v e l  e x p e r i m e n t a l  . t e c h n i q u e s  
u s e d o  
11. EXPERIMENTAL SYSTEM 
A m a j o r  d i f f i c u l t y  e n c o u n t e r e d  i n  d e t e r m i n i n g  t ,. 
s e c o n d a r y  n e u t r o n  decay  p o p u l a t i o n  in t h e  a tmosphe re  i s  
‘to relPably daLaot s r r m a X l  f l u x  o f  farrt neulronft in a 
much l a r g e r  background  f l u x  of gamma r a y s  and  c h a r g e d  ’ 
p a r t i c l e s .  To accompl i sh  t h i s ,  t h e  c o u n t e r  l o g i c  f i r s t  
separa ted  t h e  p a r t i c l e s  i n t o  two g r o u p s :  c h a r g e d  and  
n e u t r a l .  Second ,  t h e  n e u t r a l  p a r t i c l e s  were sepa ra t ed  
i n t o  t h e i r  p redominan t  components : gamma r a y s  and  
n e u t r o n s .  E x p e r i m e n t a l l y  t h e  c h a r g e d  p a r t i c l e s  were sepa-  
r a t e d  from t h e  n e u t r a l  p a r t i c l e s  by p l a c i n g  t h e  n e u t r o n  
and  gamma-ray d e t e c t o r  i n s i d e  a t h i n  h o l l o w ,  4 n - e n c l o s u r e  
o f  p l a s t i c  s c i n t i l l a t o r .  The  n e u t r a l  p a r t i c l e  d e t e c t o r ,  
c o n t a i n e d  w i t h i n  t h i s  e l o s e d  s h e l l ,  was g a t e d  off when- 
e v e r  a c h a r g e d  p a r t i c l e  p a a s e d  t h r o u g h  t h e  s h i e l d .  The 
n-y d e t e c t o r  s e p a r a t e d  t h e  gamma r a y s  and  n e u t r o n s  by 
means o f* ’ / the i r  d i f f e r e n t  l i g h t - p u l s e  s h a p e s  in an  o r g a n i c  
l i q u i d  s c i n t i l l a t i n g  c e l l ,  
A. The  Charged P a r t i c l e  I d e n t i f y i n g  Syetem 
t. 
The h o l l o w  * kll c h a r g e d - p a r t i c l e  a n t i c o i n c i d e n c e  
s h i e l d  o f  p l a ’ s t i c  s c i n t i l l a t o r  (NE102) $ 8  shown i n  F i g u r e  l1 
It w a s  m o n i t o r e d  by two p h o t o m u l t i p l i e r s  w i t h  h e m i s p h e r i c a l  
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p h o t o c a t h o d e s  (RCA C70132A). .The  w a l l  t h i c k n ‘ e s s  o f  t h e  
s h i e l d  was g r e a t e r  a t  l a r g e r  d i s t a n c e s  from t h e  pho to -  
t u b e s  t o  a l l o w  p a r t i c l e s  which e n t e r  t h e  s h i e l d  f a r t h e r  
from t h e  p h o t o m u l t i p l i e r s  t o  g e n e r a t e  a . l a r g e r  s c i n t i l -  
I 
l a t i o n .  This compensa tes  f o r  t h e  g r e a t e r  l i g h t  a t t e n u -  
a t i o n  i n  t h e  s c i n t i l l a t o r  f o r  t h e s e  e v e n t s . l 3  I For  t h e  
most e f f e c t i v e  u s e  o f  s u c h  a 4II s h i e l d  t h e  p a r a l l e l  sum 
and  c o i n c i d e n c e  l o g i c  scheme shown i n  F i g u r e  2 was i n =  
c l u d e d .  T h i s  u n u s u a l  p r e c a u t i o n  a l l o w e d  d e t e c t i o n  i n  
t h e  i m p o r t a n t  s i t u a t i o n  where a h igh -ene rgy  c h a r g e d  p a r t i -  
c l e  e n t e r s  t h e  s h i e l d ,  i n t e r a c t s  w i t h i n  i t ,  b u t  does  n o t  
s u b s e q u e n t l y  l e a v e  t h e  s h i e l d .  I n  o r d e r  t o  a s c e r t a i n  
q u a n t i t a t i v e l y  t h e  r e j e c t i o m  e f f i c i e n c y  o f  t h e  s h i e l d  f o r  
c h a r g e d  p a r t i c l e s ,  a p r e f l i g h t  t e s t  w i t h  cosmic- ray  s e c -  
ondary  muons w a s  c o n d u c t e d ,  The measured  e f f e c t i v e n e s s  
w a s  g r e a t e r  t h a n  99.9%. T h e  l i m i t a t i o n  on t h e  measured  
e f f e c t i v e n e s s  w a s  due t o  s p u r i o u s  e v e n t s  o c c u r r i n g  d u r i n g  
t h e  l o n g ’  t i m e  i n t e r v a l s  r e q u i r e d  when u s i n g  t h e  s e c o n d a r y  
, 
cosmic- ray  muon beam. 
B, The N e u t r a l  P a r t i c l e  Component n-y I d e n t i f y i n g  Sys tem 
The n-y s e p a r a t i o n  w a s  made by  t h e  p u l s e - s h a p e  d i s -  
c r i m i n a t i o n  o f  a n  o r g a n i c  l i q u i d  s c i n t i l l a t o r  ,(NE2131 
viewed by a f a s t  p h t o m u l t i p l i e r  ( R C A  8 5 7 5 ) .  The PSI) 
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sys tem’  compared t h e  i n t e g r a t e d  s c i n t i l l a t i o n  l i g h t  y i e l d  
(/L d t )  w i t h  t h e  s low-decay component o f  t h e  s c i n t i l l a t i o n  
( d L / d t )  i n  t h e  c y l i n d r i c a l  l i q u i d  s c i n t i l l a t o r  of 4.6 x 
4.65 cm diameter .  The p h o t o m u l t i p l i e r  (PM) p u l s e s  were 
fed t o  a h i g h - r e s o l u t i o n ,  m u l t i p a r t i c l e  PSD a n d  were s u b s e -  
q u e n t l y  a n a l y z e d  and  d i g i t i z e d  by a l o g a r i t h m i c ,  two- 
p a r a m e t e r  ( 6 4  x 6 4 )  p u l s e - h e i g h t  a n a l y z e r  ( P H A ) .  The  e f -  
f e c t i v e n e s s  o f  t h e  PSD f o r  s e p a r a t i n g  gamma r a y s  and  neu- 
t r o n s  can  be s e e n  q u a n t i t a t i v e l y  i n  F i g u r e s  3 and 4 .  I n  
F i g u r e  3 t h e  two-parameter  PSD da ta  from a n  AmBe n e u t r o n  
gamma-ray s o u r c e  are p l o t t e d  f o r  a l a b o r a t o r y  p r o t o t y p e .  
The  s c a l e  i n  F i g u r e  3 f o r  b o t h  dL and L c h a n n e l s  is 
d i f f e r e n t  from t h a t  used  i n  %he a c t u a l  f l i g h t .  F i g u r e  4 
i s  o b t a i n e d  by t a k i n g  a s e c t i o n  o f  F i g u r e  3 a t  t h e  /L d t  
v a l u e  f o r  t h e  Co60 Compton edge  from 1.17 MeV gamma r ays ,  
It s h o u l d  be s t r e s s e d  t h a t  t h e  e f f e c t i v e n e s s  of t h e  PSD 
c i r c u i t  t o  separa te  n e u t r o n s  from gamma r a y s  o v e r  a wide 
e n e r g y  r a n g e  i s  one of t h e  most i m p o r t a n t  f a c t o r s  i n  de- 
t e r m i n i n g  t h e  n e u t r o n  e n e r g y  s p e c t r u m  i n  %he a tmosphe re  * 
Am i n f l i g h t  c a l i b r a t o r  ( I F C )  w a s  i n c o r p o r a t e d  i n t o  
t h e  n e u t r o n  d e t e c t o r  by o p t i c a l l y  c o u p l i n g  t o  t h e  N E 2 1 3  
s c i n t i l l a t o r  a smal l  ( ‘3  x 3 mm d i a m e t e r )  c r y s t a l  o f  
N a I ( T R )  doped w i t h  a r a d i o a c t i v e  s a l t  of t h e  a l p h a  e m i t t e r  
A m 2 4 p  e The much s l o w e r  NaI(TR) e c i n t i l l a t i o n s .  r e s u l t i n g  
f rom these doped a l p h a  p a r t i c l e e  were r e a d i l y  p u l s e - s h a p e d  
1 1 4  
d i s c r i m i n a t e d  from t h e  n e u t r o n  and  gamma-ray events  as 
shown i n  F i g u r e  3.  
111. MEASUREMENTS 
The raw da ta  from t h e  b a l l o o n  f l i g h t ,  r e c o r d e d  from 
4.7 Km ( 5 4 1  mbar) t o  19.2 Km (62  mbar),  are shown i n  
F i g u r e  5 as a two-parameter  (/L d t  x d L / d t )  p u l s e - h e i g h t  
s p e c t r u m ,  I t  can be s e e n  t h a t  t h e  PSD s y s t e m  sepa ra t ed  
four d i f f e r e n t  s c i n t i l l a t i o n  p u l s e  shapes.  These cor- 
r e s p o n d  t o  Compton e l e c t r o n s ,  r e c o i l  p r o t o n s ,  a l p h a  
p a r t i c l e s  f rom ( n , a )  r e a c t i o n s  and  from t h e  IFC, The  
f i r s t  t h r e e  g roups  o f  s e c o n d a r y  p a r t i c l e s  r e s u l t  from 
n e u t r a l  p a r t i c l e s ,  e i t h e r  n e u t r o n s  o r  gamma r a y s ,  i n t e r -  
a c t i n g  i n  t h e  o r g a n i c  s c i n t i l l a t o r  w i t h  hydrogen  o r  c a r -  
bon n u c l e i .  ' The Compton e l e c t r o n s  a r i s e  from gamma-ray 
i n t e r a c t i o n s  w i t h  a t o m i c  e l e c t r o n s ,  and  t h e  r e c o i l  p r o t o n s  
are  p roduced  by  H(n ,p )n '  and  C12(n ,p)B12 r e a c t i o n s .  The 
., a l p h a  p a r t i c l e s  are p roduced  by  C 1 2 ( n , a ) B e 9  and  C 1 2 ( n , 3 a ) n c  
r e a c t i o n s .  Each of t h e s e  s e c o n d a r y  c h a r g e d  p a r t i c l e s  w a s  
c o n s i d e r e d  i n  d e r i v i n g  t h e  n e u t r o n  e n e r g y  s p e c t r u m o  The 
g roup  marked IFC i n  F i g u r e  5 c o r r e s p o n d s  t o  Am241  a - p a r t i c l e  
i n t e r a c t i o n s  i n  N a l  
The i n d i v i d u a l  g r o u p s  o f  p a r t i c l e s  ( e  , p , a p I F C )  s e p a -  
r a t e d  i n '  F i g u r e  5 were e x t r a c t e d  t o  o b t a i n  p u l s e - h e i g h t  
s p e c t r a ,  However, s i n c e  t h e  data erhown.m're t h e  a v e r a g e  
o v e r  a l a r g e  r ange  o f  a l t i t u d e s  (541-62 m b a r ) ,  t h e  p u l s e -  
h e i g h t  s p e c t r a  were examined f o r  changes  i n  s p e c t r a l  s h a p e  
w i t h  a l t i t u d e .  None were found.  An a n a l y s i s  o f  t h e  I F C  
data  i n d i c a t e d  t h a t  t h e  g a i n  of t h e  two-pa rame te r  sys t em 
i 
l and  t h e  c o u n t i n g  r a t e  were s tab le  t o  l e e s  t h a n  3 % .  There- 
f o r e ,  t h e  data were s c a l e d  by an a p p r o p r i a t e  c o n s t a n t  
( 1 . 4 2 )  t o  t h e  c o u n t  r a t e  t h a t  was measured  a t  t h e  i n t e r -  
mediate  a l t i t u d e  o f  t h e  P f o t z e r  maximum ( “ 1 0 0  gm/cm2) t o  
e s t a b l i s h  a base f o r  compar ison .  The  r e l a t i v e  coun t  r a t e s  
o b t a i n e d  f o r  t h e  Compton e l e c t r o n s ,  r e c o i l  p r o t o n s  a n d  t h e  
n e u t r o n - p r o d u c e d  s e c o n d a r y  a l p h a  p a r t i c l e e  were 1 4 2 / 1 0 / 1 .  
T h e  i m p o r t a n c e  o f  t h e s e  r e l a t i v e  c o u n t  r a t e s  and s p e c t r a l  
s h a p e s  w i l l  be  d i s c u s s e d  l a t e r .  
The p u l s e - h e i g h t  s p e c t r a  o f  a l p h a s ,  p r o t o n s ,  and 
Compton e l e c t r o n s  are shown i n  F i g u r e s  6 ( a )  , ( b )  , and  ( c ) .  
T h e n ,  t h e  p u l s e - h e i g h t  s p e c t r u m  f o r  p r o t o n s  ( F i g u r e  6 ( a ) )  
was c o n v e r t e d  t o  t h e  r e c o i l - p r o t o n  e n e r g y  s p e c t r u m  shown 
i n  F i g u r e  7. T h i s  c o n v e r s i o n  i n v o l v e s  c o r r e c t i n g  f o r  t h e  
n o n - l i n e a r i t y  o f  t h e  f l i g h t  p u l s e - h e i g h t  a n a l y z e r ,  f o r  t h e  
dependence  o f  ‘ s c i n t i l l a t i o n  l i g h t  y i e l d  upon enepgy l  
f o r  s e c o n d  s c a t t e r i n g  and  w a l l  e f f e c L s P 6 p  
c h a n n e l  w i d t h  o f  t h e  L o g a r i t h m i c  PHA was 0.05 M e V  a t  
a n d  
For e x a m p l e g  t h e  
c h a n n e l  number 1 0  (3.6 M e V )  a n d  0.50 MeV a t  c h a n n e l  
number 60 (15.0 MeV)  Consequen t ly  t h e  number, of p r o t o n  
r e c o i l s  p e r  M e V  w a s  much l a r g e r  i n  the l o w e r  f l i g h t  c h a n n e l s 4  
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Then t h e  method o f  Broek and Anderson16 was u s e d  t o  o b t a i n  
t h e  P f o t z e r  maximum n e u t r o n  e n e r g y  s p e c t r u m  shown i n  F i g u r e  
8. I n  t h i s  method t h e  d e r i v a t i v e  d/dE(dN / d E )  as a f u n c t i o n  
o f  E was e v a l u a t e d  from F i g u r e  7. Then t h e  n e u t r o n  e n e r g y  
epectrum ( d N / B E )  as a funct ion  o f  energy ( E )  wae c a l c u l a t e d  
f rom 
c 
I P 
P 
dNn/dE = - nHaHL E d/dE(dNp/dE) , F(E)’l f ( a , L ) ’ l  
+ n u ) i s  t h e  t o t a l  e f f e c t i v e  cross- where a ( E )  = ( n c a c  
s e c t i o n  i n  t h e  s c i n t i l l a t o r ,  L = t h e  l e n g t h  o f  t h e  s c i n t i l -  
l a t o r ,  F(E) = c o r r e c t i o n  f a c t o r  f o r  s e c o n d  s c a t t e r i n g  and  
w a l l  e f f e c t s ,  and  f ( a , L )  = c o r r e c t i o n  f a c t o r  f o r  t h e  
H H  
n e u t r o n  f l u x  a t t e n u a t i o n  i n  t h e  s c i n t i l l a t o r .  T y p i c a l l y  
F ( E )  = 1 . 1 0  a t  E = 1 .0  M e V  and  F(E)  = 0.95 a t  E = 20 M e V 1 6 .  
The c o r r e c t i o n  f a c t o r  f ( a , L )  was c l o s e r  t o  u n i t y .  1 7  
S i n c e ’  a p p r o x i m a t e l y  one h a l f  t h e  n u c l e i  i n  t h e  s c i n t i l -  
l a t o r  were c a r b o n ,  an a n a l y s i s  of t h e  effec, ts  o f  t h e  c a r b o n  . 
n u c l e i  w a s  n e c e s s a r y .  There  are  two t y p e s  o f  r e a c t i o n s  
w i t h  ca rbon  t h a t  are i m p o r t a n t ,  1 2 C ( n , p )  and  1 2 C ( n , a ) o  
The f i rs t  r e a c t i o n  w i l l  p roduce  a p r o t o n  which  c o m p l i c a t e s  
t h e  u n f o l d i n g  p r o c e d u r e  b e c a u s e  t h e  Broek-Anderson method 
w a s  b a s e d  upon p r o t o n s  from H ( n , p )  r e a c t i o n s  o n l y ,  The 
r e l a t i v e  p r o t o n  c o n t a m i n a t i o n  can  be est imated from t h e  
l 2 C ( n , p )  crQss s e c t i o n s  g i v e n  by Kurzc18.and t h e  atmos- 
p h e r i c  n e u t r o n  e n e r g y  s p e c t r u m  o f  L i n g e n f e l t e r l 9 ;  it i s  
l e s s  t h a n  3% o f  t h e  p r o t o n s  from t h e  H(n ,p )  r e a c t i o n  f o r  
p r o t o n s  o f  e q u a l  e n e r g y .  
T h e  p o s s i b l e  c o n t a m i n a t i o n  due t o  t h e  s e c o n d  r e a c t i o n ,  
t 
2C(n  , a ) ,  wae s i m i l a r l y  e s t ima ted .  There are  two r e a c t i o n  
c h a n n e l s  t h r o u g h  which t h e s e  a lphas  are  p roduced :  
C12(n , a )Be9  and C 1 2 ( n , 3 a ) n @ .  F o r  t h e  a t m o s p h e r i c  n e u t r o n  
e n e r g y  s p e c t r u m ,  t h e  f i rs t  r e a c t i o n  p r e d o m i n a t e s .  The 
a l p h a  c o n t a m i n a t i o n  from C I 2 ( n , a ) B e 9  was found  t o  be abou t  
7% o f  t h e  p r o t o n s  from H ( n , p )  f o r  p a r t i c l e s  which y i e l d  
e q u a l  i n t e g r a t e d  (/L a t )  s c i n t i l l a t i o n s .  I n  t h e  f l i g h t  
d a t a  w e  were a b l e  t o  e x t r a c t  s e p a r a t e l y  t h e  s e c o n d a r y  
. 
a l p h a  p a r t i c l e s  f rom t h e  r e c o i l  p r o t o n s ,  We found t h a t  
t h e  r e l a t i v e  a l p h a  p a r t i c l e  c o n t r i b u t i o n  was a p p r o x i m a t e l y  
l o % ,  which was i n  good agreement  w i t h  t h e  e s t i m a t e d  c o n t r i -  
b u t i o n .  I t  s h o u l d  be  n o t e d  t h a t  s i n c e  t h e  a l p h a  p a r t i c l e s  
were PSD'd from p r o t o n s  i n  t h i s  e x p e r i m e n t ,  t h e s e  a lphas  
w i l l  n o t  be c o u n t e d  as " p r o t o n s " .  
The  u n f o l d e d  d i f f e r e n t i a l  . n e u t r o n  e n e r g y  s p e c t r u m  a t  
b 
P f o t z e r  maximum shown i n  F i g u r e  8 w a s  f i t t e d  t o  a s p e c t r a l  
s h a p e  o f  t h e  form: 
where B(E), t h e  s p e c t r a l  p a r a m e t e r  is d e f i n e d :  
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I n  F i g u r e  9 @ ( E )  d e c r e a s e d  smoo th ly  w i t h  e n e r g y ,  r a n g i n g  
from 4.0 f 1.0 a t  3 MeV t o  1.2 f 0 . 7  a t  20 MeV.  
I V .  D I S C U S S I O N  OF R E S U L T S  
S i n c e  b o t h  t h e  e x p e r i m e n t a l  t e c h n i q u e  used  and  t h e  
n e u t r o n  e n e r g y  s p e c t r u m  are  q u i t e  d i f f e r e n t  'from p r e v i o u s  
a t m o s p h e r i c  n e u t r o n  s p e c t r a l  measurements9  , l o  , I 1  , 2 0 ,  w e  
b e l i e v e  t h a t  a c o n s i d e r a t i o n  o f  t h e  v a r i o u s  p o s s i b l e  d i f -  
f i c u l t i e s  i n  a t m o s p h e r i c  n e u t r o n  measurements  i s  impera -  
t i v e ,  F i r s t ,  l e t  us e v a l u a t e  s e m i - q u a n t i t a t i v e l y  a n d ,  
s e c o n d ,  c o n s i d e r  t h e  p o s s i b l e  d i f f i c u l t i e s  e n c o u n t e r e d  i n  
f a s t - n e u t r o n  measurements  i n  a background  o f  c h a r g e d  
p a r t i c l e s  e 
I n  t h i s  e x p e r i m e n t  t h e  l a r g e s t  u n c e r t a i n t i e s  i n  t h e  
p r o t o n  r e c o i l  s p e c t r u m  shown i n  F i g u r e  7 a r i s e  from s t a t i s -  
t i c a l  and s y s t e m a t i c  e r r o r s ,  The s t a t i s t i c a l  e r r o r s  p e r  
c h a n n e l  a re  e a s i l y  e v a l u a t e d  t o  be 15-20 p e r  c e n t .  T h e  
s y s t e m a t i c  e r r o r s ,  on t h e  o t h e r  h a n d ,  are much more d i f -  
f i c u l t  t o  e v a l u a t e .  The m a i n  c o n t r i b u t i o n  comes from t h e  
d i f f e r e n t i a l  n o n - l i n e a r i t y  o f  t h e  l o g a r i t h m i c  PHA i n  t h e  
l o w e r  c h a n n e l s .  T h i s  i s  es t imated  t o  b e  comparable  t o  
t h e  s t a t i s t i c a l  e r r o r s  for t h e  l o w e r  c h a n n e l s  o f  t h e  f l i g h t  
PHA and  c o n s i d e r a b l e  l e s s  t h a n  s t a t i s t i c a l  f o r .  t h e  uppe r  
c h a n n e l s .  The c r o s s - c a l i b r a t i o n  curve t o  c o n v e r t  t h e  
l o g a r i t h m i c  PHA t o  a s t a n d a r d  l i n e a r  PHA t h a t  can t h e n  b e  
c o n v e r t e d  e a s i l y  t o  l i g h t  u n i t s  i s  shown i n  F i g u r e  10. 
S i n c e  t h e  c h a n n e l  w i d t h  i s  small  i n  t h e  lower  c h a n n e l s ,  
two c r i t e r i a  were u s e d  t o  minimize  s y s t e m a t i c  e r r o r s .  
I 
F i r s t ,  t h e  d i f f e r e n t i a l  of t h e  c a l i b r a t i o n  curve must be 
smooth and  n e a r l y  l o g a r i t h m i c .  Second,  t h e  sum of  a l l  
f l i g h t  c h a n n e l  w i d t h s  must e q u a l  t h e  t o t a l  w i d t h  of t h e  
s i n g l e  c h a n n e l  a n a l y z e r  c o n s t r a i n i n g  t h e  /L d t  r a n g e  o f  
t h e  PHA. The e r r o r  bars shown i n  F i g u r e  7 are t h e  most 
p r o b a b l e  v a l u e s  from combining t h e s e  two ma jo r  s o u r c e s  
o f  e r r o r s .  To o b t a i n  t h e  e r r o r  bars shown i n  F i g u r e  8 
and F i g u r e  9 t h e  u n c e r t a i n t y  i n  t h e  s l o p e  was d e t e r m i n e d  
a t  t h e  e n e r g i e s  f o r  which t h e  e r r o r s  are p l o t t e d .  
T h e  most s e r i o u s  p o s s i b l e  e x p e r i m e n t a l  d i f f i c u l t i e s  
i n  a t m o s p h e r i c  n e u t r o n  measurements  can b e  a t t r i b u t e d  t o  
one o r  more o f  t h e  f o l l o w i n g :  Compton e l e c t r o n s  n o t  
b e i n g  p r o p e r l y  i d e n t i f i e d  by t h e  PSI), c h a r g e d  p a r t i c l e s  
" l e a k i n g "  t h r o u g h  t h e  a n t i c o i n c i d e n c e  s y s t e m  and t h e r e b y  
b e i n g  f a l s e l y  measured  as n e u t r a l s ,  and  t h e  PSI) f a l s e l y  
i d e n t i f y i n g  n e u t r o n - p r o d u c e d  s e c o n d a r y  a l p h a  p a r t i c l e s  as 
r e c o i l  p r o t o n s .  Each o f  t h e s e  e f f e c t s  w i l l  b o t h  i n c r e a s e  
,and h a r d e n  t h e  "measured" n e u t r o n  e n e r g y  s p e c t r u m .  T h i s  
can be s e e n  by  comparing F i g u r e s  6 ( a )  (b) , and ( c ) .  
The e f f e c t s  o f  Compton e l e c t r o n s  b e i n g  m i s t a k e n l y  
i d e n t i f i e d  as p r o t o n s  by  t h e  PSD can b e  seen by  compar ing  
I 
1 2 0  
t h e  r e l a t i v e  i n t e n s i t i e s  of Compton e l e c t r o n s  and  r e c o i l  
p r o t o n s  as w e l l  as t h e  shapes o f  t h e  e l e c t r o n  and  p r o t o n  
p u l s e - h e i g h t  s p e c t r a .  The  Compton-e lec t ron  p u l s e - h e i g h t  
d a t a  o f  F i g u r e  6 ( c )  are o b v i o u s l y  a ha rde r  s p e c t r u m  t h a n  
t h e  r e c o i l - p r o t o n  data  o f  F i g u r e  6 ( a ) .  S i n c e  t h e  r a t i o  
o f  e l e c t r o n s  t o  p r o t o n s  was 14.2, a 1% e r r o r  i n  t h e  PSD 
s e p a r a t i o n  ean p roduce  a 1 4 %  e r r o r  i n  t h e  p r o t o n  f l u x .  
The  l a r g e  d i f f e r e n c e  i n  s p e c t r a l  s h a p e  can  i n t r o d u c e  a 
g r e a t e r  t h a n  10% e r r o r  i n  t h e  s l o p e  8 ( E )  o f  t h e  n e u t r o n  
e n e r g y  s p e c t r u m  f o r  a 1% e r r o r  i n  t h e  PSD s e p a r a t i o n .  
The s e c o n d  e x p e r i m e n t a l  u n c e r t a i n t y  can  be e v a l u a t e d  
from t h e  c h a r g e d - p a r t i c l e  p u l s e - h e i g h t  s p e c t r u m  measured  
by t h e  n e u t r o n  d e t e c t o r  when t h e  c h a r g e d - p a r t i c l e  a n t i -  
c o i n c i d e n c e  sys t em was t u r n e d  o f f .  We o b s e r v e d  t h a t  i t  
w a s  v e r y  s i m i l a r  i n  s h a p e  t o  t h e  Compton-e lec t ron  s p e c t r u m ,  
i . e . ,  a much ha rde r  a n d  more i n t e n s e  s p e c t r u m  t h a n  t h e  
r e c o i l - p r o t o n  s p e c t r u m s  T h e r e f o r e ,  t h e  "leakage" of  a 
smal l  amount o f  c h a r g e d  p a r t i c l e s  i n t o  t h e  n e u t r o n  de- 
t e c t o r  would p roduce  a more i n t e n s e  and  ha rde r  a p p a r e n t  
re c o i l - p r o t  on s p e c t r u m  . 
T h i r d ,  i f  t h e  PSD c a n n o t  s e p a r a t e  a l p h a  p a r t i c l e s  
f rom r e c o i l  p r o t o n s ,  b o t h  t y p e s  o f  e v e n t s  are r e c o r d e d  as 
r e c o i l  p r o t o n s ,  T h i s  would  p roduce  an i n c r e a s e  o f  a b o u t  
lo$ i n  t h e  r e c o i l - p r o t o n  flux, as can  be s e e n  .by compar ing  
F i g u r e s  6 ( a )  a n d  6 ( b ) .  This a g a i n  y i e l d s  a more i n t e n s e  
n e u t r o n  spec t rum.  
1 2 1  
V. CONCLUSIONS 
W e  have  found t h a t  t h e  d i f f e r e n t i a l  n e u t r o n  e n e r g y  
s p e c t r u m  a t  P f o t z e r  maximum a t  42'N geomagne t i c  l a t i t u d e  
w a e  c o n s i d e r a b l y  s t e e p e r  i n  t h e  e n e r g y  i n t e r v a l  3-10 M e V  
( F i g u r e  9 )  t h a n  p r e v i o u s l y  measured  s p e c t r a .  The s p e c t r a l  
p a r a m e t e r  B ( E )  f o r  t h e  d i f f e r e n t i a l  n e u t r o n  e n e r g y  spec t rum 
d e c r e a s e d  smoo th ly  from 4.0 k 1 .0  a t  3 M e V  t o  1 . 2  2 0 .5  a t  
20 M e V .  The c a l c u l a t e d  n e u t r o n  f l u x  i n  t h e  e n e r g y  r a n g e  
3.5 t o  10 MeV w a s  O,36 f 0.10 n e u t r o n s / c m 2 s e c ,  abou t  t h a t  
o b t a i n e d  e a r l i e r  by M e n d e l l a * ,  I t  is c l e a r  t h a t  t h e  
q u e s t i o n  o f  a p o s s i b l e  change i n  t h e  n e u t r o n  e n e r g y  s p e c t r u m  
between P f o t z e r  maximum and t h e  t o p  of t h e  a tmosphe re  re -  
m a i n s  u n r e s o l v e d .  The i n t e n s i t y  and  s h a p e  o f  t h e  n e u t r o n  
e n e r g y  s p e c t r u m  between 3-100 M e V  is i m p o r t a n t  t o  t h e  
e v a l u a t i o n  o f  t h e  c o n t r i b u t i o n s  made by n e u t r o n  l e a k a g e  
t o  t h e  p o p u l a t i o n  o f  e n e r g e t i c  p r o t o n s  i n  t h e  i n n e r  r a d i -  
a t i o n  b e l t .  The r e s u l t s  o f  t h i s  e x p e r i m e n t  show t h e  ne-  
c e s s i t y  o f  u s i n g  c a u t i o n  i n  i n t e r p r e t i n g  e a r l i e r  e x p e r i m e n t s  
a n d  i n d i c a t e  t h a t  e x c e l l e n t  PSD t e c h n i q u e s  must be u s e d  i n  
a t m o s p h e r i c  n e u t r o n  measu remen t s s  Any l i n e a r  e x t r a p o l a -  
t i o n s  o f  t h e  d i f f e r e n t i a l  n e u t r o n  e n e r g y  s p e c t r u m  t o  
h i g h e r  e n e r g i e s 7  c a n n o t  b e  j u s t i f i e d .  
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FIGURE CAPTIONS . .  
F i g u r e  
F i g u r e  2 
F i g u r e  3 
F i g u r e  4 
F i g u r e  5 
F i g u r e  6 ( a )  , R e c o i l - p r o t o n  c o u n t  r a t e  d a t a  from F i g u r e  5 @  
/ 
6 ( b )  The s e c o n d a r y  a l p h a - p a r t i c l e  s p e c t r u m  
e x t r a c t e d  from F i g u r e  5.  
6 ( c )  T h e  u n c o r r e c t e d  Compton-e lec t ron  s p e c t r u m  
t a k e n  from F i g u r e  5.  
F i g u r e  The r e c o i l - p r o t o n  e n e r g y  s p e c t r u m  o b t a i n e d  
from t h e  d a t a  i n  F i g u r e  6 ( a ) o  To o b t a i n  t h e  
a c t u a l  number o f  protonelMeV m u l t i p l y  t h e  
o r d i n a t e l b y  1442. 
Charge d - p a r t  I c l e  a n t i  c o l n c l  den ce s h i e l d  des 3. gn . 
P a r a l l e l  sum and c o i n c i d e n c e  l o g i c  o f  t h e  
c h a r g e d  p a r t i c l e  s h i e l d  s y s t e m .  
A two-pa rame te r  ( 6 4  x 6 4 )  c o n t o u r  d i s p l a y  o f  
Compton e l e c t r o n s ,  r e c o i l  p r o t o n s  and  i n f l i g h t  
c a l i b r a t o r  (IFC) f o r  a l a b o r a t o r y  p r o t o t y p e .  
The  w i d t h s  of the d a r k  bands  are e q u a l  t o  one 
f u l l  w i d t h  a t  h a l f  maximum (FWHM), 
A s e c t i o n  o f  F i g u r e  3 t a k e n  a t  t h e  /L d t  v a l u e  
c o r r e s p o n d i n g  t o  t h e  Compton edge  o f  C o 6 0 .  
Two-parameter (JL d t  vs  d L / d t )  f l i g h t  da t a  
t a k e n  from 541 t o  62 mbar. 
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FIGURE CAPTIONS(cont.) 
Figure 8 T h e  d i f f e r e n t i a l  neutron energy spectrum at 
P f o t z e r  maximum, The a c t u a l  neutron f l u x  i s  
3 .22  times t h e  o r d i n a t e .  
Figure 9 The l o g a r i t h m i c  s l o p e  o f  t h e  d i f f e r e n t i a l  neutron 
energy spectrum at  P f o t z e r  maximum as a funct ion  
o f  energy.  
Figure 10 The l i n e a r  (Technica l  Measurement8 Corp, ) channel 
number as a f u n c t i o n  o f  f l i g h t  chsnnel.,number f o r  
/L d t  p u l s e s .  
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ELECTRON DENSITY MEASUREMENTS 
FROM SOUTHERN LATITUDE ROCKET FLIGHTS 
i 
R .  E .  Houston and L.  E .  Larson"  
U n i v e r s i t y  o f  N e w  Hampshire 
P h y s i c s  Department  
Durham, New Hampshire 
ABSTRACT 
P r o p a g a t i o n  e x p e r i m e n t s  i n  t h e  1 Mc/s and  3 Mc/s r a n g e  
have  been  u t i l i z e d  t o  d e t e r m i n e  e l e c t r o n  d i s t r i b u t i o n s  i n  t h e  
lower  i o n o s p h e r e .  Nike-Apache f l i g h t s  a t  12O, 30°r  and  60° 
g e o g r a p h i c  s o u t h  l a t i t u d e  p r o v i d e d  da ta  f o r  comput a t  i o n a l  
t e c h n i q u e s  based on t h e  Sen-Wyller form o f  t h e  g e n e r a l i z e d  
App le ton -Har t r ee  e q u a t i o n s .  Fa raday  r o t a t i o n  da t a  o b t a i n e d  
from t h e  r o c k e t  t e l e m e t r y  s i g n a l  and t h e  a p p r o p r i a t e  l i n e a r l y  
p o l a r i z e d  g round  b a s e d  t r a n s m i s s i o n  are u s e d  t o  d e t e r m i n e  t h e  
d i f f e r e n c e  i n ,  t h e  o r d i n a r y  and e x t r a o r d i n a r y  i n d i c e s  o f  r e -  
f r a c t i o n .  T h i s  d i f f e r e n c e  i s  compared to a d i f f e r e n c e  v a l u e  
g e n e r a t e d  by  th.e Sen-Wyller  e q u a t i o n s  
, 
Values  o f  c o l l i s i o n  f r e q u e n c y  a re  o b t a i n e d  from t h e  d i f -  
f e r e n t i a l  a b s o r p t i o n  d a t a  o f  t h e  o r d i n a r y  and  e x t r a o r d i n a r y  
waves as w e l l  as from t h e o r y ,  
E l e c t r o n  d e n s i t i e s  o f  t h e  o r d e r  o f  5 x 1 0 4 e l / c m 3  a t  100 km 
are o b t a i n e d  f o r  a l l  f l i g h t s ,  
139 
Comparison between va lues  obta ined by t h e  above method 
and ionosonde techniques  w i l l  be  made. 
I 
This  research was sponsored by t h e  Nat iona l  Aeronautics 
and Space Administration under Contract NASr-164. 
* Present  address i s  Denison U n i v e r s i t y ,  G r a n v i l l e ,  Ohio 
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LOWER IONOSPHERIC PARAMETERS AS MEASURED FROM SOUNDING ROCKETS 
,Re E. Houston and  L. E. Larson"  
U n i v e r s i t y  of N e w  Hampshire 
P h y s i c s  Department  
Durham, New Hampshire 
I n  a r e c e n t  f l i g h t  from F o r t  C h u r c h i l l ,  Mani toba ,  p ropa-  
g a t i o n  e x p e r i m e n t s  i n  t h e  1 H z / s  a n d  3 H z / s  r a n g e  were u t i l i -  
l i z e d  t o  d e t e r m i n e  e l e c t r o n  d e n s i t y  p r o f i l e s  from a p p r o x i -  
m a t e l y  65 km t o  100  km. Measurement of t h e  n e u t r o n  a l b e d o  
( t h e r m a l  e n e r g y  t o  1 5  M e V )  and  c h a r g e d  p a r t i c l e s  (100  Mev and  
up)  r e s u l t i n g  from t h e  i n c i d e n t  cosmic- ray  f l u x  were c a r r i e d  
o u t  o v e r  t h e  same a l t i t u d e  reg ime.  A d e t a i l e d  comparison o f  
t h e s e  r e s u l t s  i s  made. 
0 0 
I n  a d d i t i o n ,  measurements  o f  t h e  1217 A and 1450 A r ad i -  
0 0 
a t i o n  f l u x  a l o n g  w i t h  t h e  X-ray flux i n  t h e  2 A - 1 2  A r a n g e  
were o b t a i n e d .  
The e l e c t r o n  d e n s i t y  p r o f i l e  i s  o b t a i n e d  from t h e  g e n e r a l -  
i z e d  Sen-Wyller  e q u a t i o n  u s i n g  Fa raday  r o t a t i o n  da t a  from t h e .  
r o c k e t  t e l e m e t r y  s i g n a l  and t h e  a p p r o p r i a t e  l i n e a r l y  p o l a r i z e d  
ground b a s e d  t r a n s m i s s i o n .  E l e c t r o n  d e n s i t i e s  o f  %he o r d e r  of 
100 e l / c m 3  a t  65 km and 5 x l o 4  e l / c m 3  a t  100 km were o b t a i n e d .  
These w i l l  be compared t o  v a l u e s  o b t a i n e d  r e c e n t l y  i n  S o u t h e r n  
l a t i t u d e  measurements  
T h i s  research w a s  s p o n s o r e d  by t h e  N a t i o n a l  A e r o n a u t i c s  
and  Space  A d m i n i s t r a t i o n  unde r  C o n t r a c t  NASr-164, 
it P r e s e n t  address i s  Denison U n i v e r s i t y ,  G r a n v i l l e  , Ohio 
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A MEASUREMENT OF THE EFFECTIVE R E C O M B I N A T I O N  
COEFFICIENT I N  THE LOWER IONOSPHERE 
. .  i 
R, E ,  Houston and  L.  E. Larson* 
U n i v e r s i t y  o f  New Hampshire 
' P h y s i c s  Department  
Durham, N e w  Hampshire 
ABSTRACT 
U t i l i z i n g  t h e  c h a r g e d  p a r t i c l e  s p e c t r a  o b t a i n e d  on a 
r e c e n t  Nike-Tomahawk f i r i n g ,  t h e  p r o d u c t i o n  o f  e l e c t r o n s  i n  
%he l o w e r  i o n o s p h e r e  was c a l c u l a t e d .  On t h e  same r o c k e t  a 
I Faraday  r o t a t i o n  e x p e r i m e n t  measured  t h e  e l e c t r o n  d e n s i t y .  
The r a t i o  o f  t h e  e l e c t r o n  p r o d u c t i o n  t o  t h e  s q u a r e  o f  t h e  
e l e c t r o n  d e n s i t y  i s  t h e  e f f e c t i v e  r e c o m b i n a t i o n  c o e f f i c i e n t ,  
a 
v a l u e  f o r  a e f f  of a p p r o x i m a t e l y  6 x l o 7  cm3/aec a t  65  k i l o -  
meters. T h i s  v a l u e  i s  i n  r e a s o n a b l e  agreement  w i t h  t h a t  
c i t e d  by o t h e r  a u t h o r s .  C l o s e r  agreement  is a c h i e v e d  when 
The r e s u l t s  o b r a i n e d  t h r o u g h  t h i s  t e c h n i q u e  g i v e  a e f f '  
r e c e n t  e x p e r i m e n t a l  v a l u e s  o f  t h e  n e g a t i v e  i o n  r a t i o  are 
s u b s t i t u t e d  i n  t h e  e a r l i e r  work, 
* P r e s e n t  a d d r e s s  is Denison U n i v e r s i t y ,  G r a n y i L l e  Ohio 
A SENSITIVE RADIO RECEIVER FOR IONOSPHERIC MEASUREMENTS 
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A Sens i t i ve  Radio Receiber I f o r  Ionospheric Measurements* 
F. D. Szachta', R. E.;Houston, . .  Jr., and La E, Larson' 
Department of Physics, University. of New Hampshire, Durham, New Hampshire 03824 
A sensi t ive,  narrow band, amplitude modulated r a d i o  receiver was 
t 
designed t o  measure t h e  e l e c t r o n  dens i ty  i n  the  Lower ionosphere. 
I ,  
The method employed was t o  Qend a continuous wave l i n e a r l y  polar ized  
s i g n a l  from a ground-based t ran$mi t te r  t o  a receiver loca ted  i n  a 
r o c k e t  payload. 
i t s  vertical  a x i s  which cont inua l ly  swept t h e  d i p o l e  ( loops t ick)  rece iv ing  
antenna through t h e  polar ized  electromagnetic f i e l d .  
p o l a r i z a t i o n  of t h e  wave changes and i t  is a t t enua ted  by amounts which 
depend on the  wave frequency, number dens i ty  of f r e e  e l e c t r o n s ,  e l e c t r o n  
I '  
Modulation waq'provided by t h e  s p i n  of t h e  rocker about 
The plane of 
\ '  
c o l l i s i o n  frequency, and e l e c t r o n  gyrofrequency I f  t h e  c o l l i s i o n  frequency ' 
* * *. 
is measured by a n  independent metihod, then t h e  angle  through which t h e  
p l a n e  of po la r i za t ion .  rotates p.er . .  Unit a l t i t u d e  (Faraday Rotation) can 
b e  r e l a t e d  t o  the  electron ,dens,ity. 
I *  
I .  
1 
The receiver c i r c u i t  diagram is  shown i n  Figures 1 and 2. The 
antenna was formed by winding a c o i l  on a 1.6 x 14.0 c m  c y l i n d r i c a l  
f e r r i t e  rod, and p lac ing  a capac i tor  i n  p a r a l l e l  w i th  t h e  c o i l  such 
t h a t  i t  resonated a t  t h e  des i r ed  frequency, 
was accomplished by' a second c o i l  wound around t h e  rod. 
Coupling t o  t h e  r f  s t a g e  
I 
The rf amplifl.er waa' a standard common emitter class A tuned 
The l o c a l  o s c i l l a t o r  and mixer, which was combined t o  ampl i f i e r .  
e1iminai;e one s t age ,  b a s i c a l l y  cons is ted  of a c r y s t a l  con t ro l l ed  
C o l p i t t s  o s c i l l a t o r  whose c i r c u i t  parameters were chosen so t h a t  i t  
would o s c i l l a t e  w e l l  over a range of frequencies (% 1-4 MBz) with 
j u s t  a change of c r y s t a l .  Two c r y s t a l  f i l t e r s 2  were i n s t a l l e d  i n  
t h i s  s t age ,  one i n  t h e  base  c i rcui t  t o  prevent s e l f - o s c i l l a t i o n s  by 
e f f e c t i v e l y  grounding t h e  base a t  t h e  i . f ,  frequency, and t h e  o the r  
i n  p a r a l l e l  with t h e  emitter c i r c u i t  t o  enhance t h e  ga in  a t  t h i s  one 
frequency only. 
3 The t h r e e  i . f .  sectQns were i d e n t i c a l ,  each using a t r a n s f i l t e r  
f o r  t h e  frequency s e l e c t i o n  element, The resonant frequency of a trans- 
' f i l t e r  is f ixed .  This is a d e s i r a b l e  f e a t u r e  as t h e  r ap id  acce le ra t ion  
and severe v i b r a t i o n  of t h e  v e h i c l e  cannot cause any a l t e r a t i o n s  of 
s e t t i n g s  during f l i g h t .  
4 
A c r y s t a l  f i l t e r  was i n s t a l l e d  i n  each emitter 
' c i r c u i t  t o  improve t h e  ga in  a t  t h e  i , f ,  frequency. It should be  noted 
t h a t .  t h e  capac i t i ve  component i n  t h e  inpu t  and output  impedances t o  t h e  
t r a n s f i l t e r s  a l t e r e d  t h e i r  resonant frequencx by as much as 2 kHz. This 
n e c e s s i t a t e d  measuring t h e  frequency of b e s t  response f o r  each completed 
1 
r e c e i v e r  and s e l e c t i n g  a transmitter c r y s t a l  f o f  each f l i g h t  w i th  a 
frequency matched t o  t h e  measured receiver resoaant: frequency. 
1 4 4  
The de tec to r  was s tandard ,  The audio ampl i f i e r  was designed t o  
have  good low frequency response s ince  t h e  s i g n a l  modulation frequency 
was 6-20 Hz. 
t o  5 v (a standard telemetry requirement) a 
A zener diode ac ross  t h e  ou tpu t . l imi t ed  t h e  output vo l t age  .- 
’ 
The automatic ga in  c o n t r o l  (AGC) cons is ted  of a feedback network 
which changed t h e  b i a s s ing  of t h e  r f  and 1 . f .  s t a g e s  such tha t  their ga in  
was reduced when a l a r g e  inpu t  s i g n a l  t o  t h e  receiver was present .  
t i m e  cons tan t  of t h i s  AGC c i r c u i t  was about 2 sec so t h a t  t h e  slow 
The 
modulation of t h e  s i g n a l  received would n o t  appear to  b e  a s i g n a l  
s t r e n g t h  change. 
The completed receiver had a bandwidth of 2,2 kHz and t h e  cen te r  
frequency was s t a b l e  wi th in  60 Hz over a period of 1 hour and va r i ed  
less than 300 Hz over a temperature range of -10 t o  +SO 
0 
C, The 
s e n s i t i v i t y  of a* t y p i c a l  receiver was such t h a t  a 5 vv/m f i e l d  a t  t h e  
antenna 5’6 r e s u l t e d  i n  an output s i g n a l  well above t h e  background 
n o i s e .  
\ 
A p r i n t e d  c i r c u i t . l a y o u t  w a s  used, and t h e  completed u n i t s  measured 
Receivers and antennas were encapsulated before a 
1 
7.0 x + l O . O  x 2.5 em. 
f l i g h t  t o  add mechanical s t r eng th .  At: t h i s  t i m e  8 receivers have been 
s u c c e s s f u l l y  flown, some opera t ing  a t  1.005.MHz and o t h e r s  a t  3.385 MHz. 
The only changes required t o  allow the  bas i c  receiver t o  opera te  r e l i a b l y  
a t  any frequency i n  t h i s  range were t o  s u i t a b l y  al ter t h e  antenna 
winding, t o  select a capac i to r  i n  t h e  r f  s e c t i o n  t h a t  amplified t h e  
d e s i r e d  frequency, and t o  use t h e  proper oscillator c r y s t a l ,  P a r t s ,  
excluding t h e  p r in t ed  circuit  board, east about $130.00, I ’  
3( 
T 
3. 
1. 
2 0  
. 3. 
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F igur e Captions 
Fig ,  1, Receiver ‘circuit:. diagram.‘ -* kf and i * f 6 tages 
Pig. 2, Receiver circuit diagram -: deCector, AGC, audio, and voltage 
regulator stages,’ 
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FIGURE 2 
A MEASUREMENT OF THE EFFECTIVE RECOMBINATION 
COEFFICIENT I N  THE LOWER IONOSPHERE 
A MEASUREMENT OF THE EFFECTIVE R E C O M B I N A T I O N  
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I N T R O D U C T I O N  
The r a t e  c o e f f i c i e n t s  f o r  f r e e  e l e c t r o n  l o s s  
p r o c e s s e s  i n  t h e  lower  i o n o s p h e r e  are  a t  p r e s e n t  s t i l l  
s u b j e c t  t o  some q u e s t i o n ,  w i t h  recent:  v a l u e s  r e p o r t e d  i n  t h e  
l i t e r a t u r e  v a r y i n g  o v e r  more t h a n  an  o r d e r  o f  magni tude  
(Webber (1.9621, Adams and  Masley ( 1 9 6 5 ) ) .  One t e c h n i q u e  
which can be  used  t o  measure a n  e f f e c t i v e  r e c o m b i n a t i o n  
c o e f f i c i e n t  i s  t o  .measure s i m u l t a n e o u s l y  t h e  e l e c t r o n  
c o n c e n t r a t i o n  and  t h e  r a t e  of e l e c t r o n  p r o d u c t i o n ,  and  t o  
d e r i v e  t h e  r e c o m b i n a t i o n  c o e - f f i c i e n t  from t h e s e  measurements .  
On June  7 ,  1967 ( d u r i n g  a s o l a r  p r o t o n  e v e n t )  a Nike 
Tomahawk sound ing  r o c k e t  w a s  f lown from C h u r c h i l l ,  Manitoba,  
wh ich  recor-ded t h e  c h a r g e d  p a r t i c l e  f l u x ,  Lyman a and 2-12A 
0 
x-ray f l u x e s ,  and t h e  e l e c t r o n  c o n c e n t r a t i o n '  These  data  
are  used  here  t o  f i n d  a va lue  f o r  t h e  e f f e c t i v e  r ecombina t ion  
c o e f f i c i e n t  i n  t f i e ' r a n g e  o f  60-70 kmr 
THEORY 
The rate of change of free electron number density 
in the lower ionosphere can be written as 
dNe * .  
- =  Q - aD N~ N~ - 6 N~ + Y NO N + p NO (1) ' dt 
where Q = electron production rate, and Ne, NA, N, and 
No are the electron, positive ion, neutral particle, and 
negative ion densities respectively. 
aD = electron-positive ion recombination 
coefficient 
B = electron attachment coefficient 
Y = collisional detachment coefficient 
p = photodetachment coefficient 
This expression can be simplified by writing 
NO NA + @ N - Y N- N - p N- dN- dt - "i e - =  
where ai I= the ion-ion recombination coefficient4 If we 
define A .  = N-/Ne9 assume dX/dt = 0, and utilize 
equation ( 2 ) ,  equation (1) can be rewritten as 
- e  dN  A - (a, * X ai)Ne 2 dt lth ( 3 )  
If the electron concentration changes slowly with 
times 
k 
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T h e r e f o r e ,  t h e  e f f e c t i v e  r a t e  c o e f f i c i e n t  may be found by 
measur ing  t h e  e l e c t r o n  c o n c e n t r a t i o n  and t h e  r a t e  o f  
e l e c t r o n  p r o d u c t i o n .  
PRODUCTION RATE 
T h e  cha rged  p a r t i c l e  d e t e c t i o n  s y s t e m ,  which 
c o n s i s t e d  o f  a bank of  p r o p o r t i o n a l  c o u n t e r s ,  as w e l l  as 
t h e  method of d e r i v i n g  t h e  obse rved  p r o t o n . s p e c t r u m  a re  
f u l l y  d e e c r i b e d  by Lockwood and F r i l i n g  ( 1 9 6 8 ) .  
The i n t e g r a l  s p e c t r u m  d e t e r m i n e d ' f o r  t h i s  f l i g h t  
i s  shown i n  F i g u r e  1. I t  can  be s e e n  t h a t  t h e  f l u x  
w 
measurements f i t  a n  e x p o n e n t i a l  i n t e g r a l  r i g i d i t y  spec t rum 
w i t h  Jo = 700 (cm2 s e c 1 - l  and  Po = 60 Mv. J i s  t h e  t o t a l  
f l u x  of p a r t i c l e s  above r i g i d i t y  (momentum p e r  c h a r g e )  P. 
Lockwood and F r i l i n g  (1968)  assume t h a t  t h e  c o u n t s  obse rved  
- ' a r e  due e n t i r e l y  t o  p r o t o n s ,  and  t h e  f l u x  i s  assumed t o  
have  2ll i s o t r o p y .  I t  Bhould be no ted  t h a t  t h i s  enhancement 
of  t h e  low ene rgy  p r o t o n  f l u x  can a l s o  be s e e n  i n  d a t a  from 
E x p l o r e r  34 (Env i ronmen ta l  S c i e n c e  S e r v i c e s  A d m i n i s t r a t i o n ,  
1968) .  The spec t rum from E x p l o r e r  34 canno t  b e  compared t o  
t h e  one found by Lockwood and F r i l i n g  s i n c e  t h e  s a t e l l i t e  
was w e l l  o u t s i d e  t h e  magnetosphere  a t  t h i s  t i m e .  
The e l e c t r o n  p r o d u c t i o n  r a t e  Q was c a l c u l a t e d  u s i n g  
t h e  method d e s c r i b e d  by Adams and  Masley (1965). The 
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s p e c i f i c  p r o d u c t i o n  r a t e  q, which i s  t h e  r a t e  o f  p r o d u c t i o n  
of  e l e c t r o n - i o n  p a i r s  a t  a n  a l t i t u d e ' z  by a f l u x  o f  1 
p a r t i c l e / c m 2  s e c .  of ene rgy  E i s  c a l c u l a t e d ,  Then, Q can be 
found a t  a l t i t u d e  z by 
I 
150 Mev 
Q ( z )  = q j(E) B E  
E = Ec  
where  J ( E )  i s  t h e  f l u x  of  p r o t o n s  i n  a n  ene rgy  band AE 
c e n t e r e d  a t  E and  E i s  t h e  e f f e c t i v e  geomagnet ic  ene rgy  
c u t o f f ,  With t h e  l a r g e  f l u x  of  low ene rgy  p a r t i c l e s  
p r e s e n t  d u r i n g  t h e  f l i g h t ,  i t  i s  found t h a t  o v e r  t h e  
a l t i t u d e  r a n g e  c o n s i d e r e d ,  t h e  e f f e c t  on Q o f  p a r t i c l e s  
w i t h  E > 1 5 0  Mev i s  n e g l i g i b l e .  
C 
Shea  e t  a l .  (1963) c a l c u l a t e  t h e  v e r t i c a l  c u t o f f  
r i g i d i t y  a t  C h u r c h i l l  as < 210 M v  ( Q  20 Mev), and a r e c e n t  
e x p e r i m e n t a l  v a l u e  i s  g i v e n  by Webber (1968)  as 1 6 0  Mv 
( 1 4  Mev). The l a t t e r  v a l u e  was adop ted  f o r  t h i s  work, 
a l t h o u g h  i f  t h e  f o r m e r ' i s  u s e d  it changes  t h e  r e s u l t s  by 
less t h a n  a f a c t o r  o f  2.  The r e s u l t i n g  Q as a f u n c t i o n  of 
a l t i t u d e  i s  shown i n  F i g u r e  2, 
It i s  assumed t h a t  t h e  low e n e r g y  p r o t o n s  were t h e  
0 
o n l y  i o n i z i n g  s o u r c e .  Flux measurements of  Lyman a (1216~) 
and 2-12A x - r a y s ,  t h o u g h t  t o  be t h e  o t h e r  p o s s i b l e  i o n i z i n g  
0 
. r a d i a t i o n s  i n  t h i s  r e g i o n ,  i n d i c a t e  t h a t  t h e s e  d i d  n o t  
r e a c h  below 70 km d u r i n g  t h e  f l i g h t  ( s o l a r  z e n i t h  a n g l e  
X = 58'),  C a l c u l a t i o n s  conf i rm t h a t  t h e s e  r a d i a t i o n s  s h o u l d  
be abso rbed  above 70 km, 
ELECTRON DENSITY 
The electron density was determined by measuring 
the angle J1 through which a 3.385 MHz linearly polarized 
radio wave rotates, as a function of altitude in the 
ionosphere, It can be shown that 
where w = wave frequency 
c = speed of light 
nlSn2 - 2 values of the ionospheric index of 
refract ion 
A l s o  
where F1 and F2 are functions determined from the 
generalized magnetoionic theory (Sen & Wyller, 1960). 
4n N~ e2 
m e 
P *  ' , the plasma frequency 2 ,  
@ O  
8 s -  eH the electron gyrofrequency m c s  e 
v = electron collision frequency. . 
The electron collision frequency was obtained by 
observing the attenuation of the Lyman a radiation in the 
earth's atmosphere, relating this quantity to the 
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a tmosphe r i c  p r e s s u r e ,  and u s i n g  t h e  e x p e r i m e n t a l  r e l a t i o n -  
s h i p  between p r e s s u r e  and e l e c t r o n  c o l l i s i o n  f r equency  
( P h e l p s ,  1960)  as d e s c r i b e d  by A i k i n ,  Kane ,  and Troim 
(1964). The c o l l i s i o n  f r e q u e n c i e s  d e r i v e d  a r e  shown i n  
F i g u r e  3 .  
P ~ Q W  mpa'sri~n ( 5 )  aincra &@/as s meamurea gurmlr8itjty. AIAO 
a computed v a l u e  o f  ( n  -n ) w a s  found from e q u a t i o n s  ( 6 )  
u s i n g  a n  assumed v a l u e  o f  N e ,  
t h e o r e t i c a l  v a l u e s  were t h e n  compared, a n d  t h e  assumed 
i 
An e i p e r i m e n t a l  v a l u e  o f  (n,-n,) can be de te rmined  
1 2  
The  e x p e r i m e n t a l  and 
v a l u e  of  N e  w a s  c o r r e c t e d  by a n  i t e r a t i v e  p r o c e s s  u n t i l  t h e  
computed v a l u e  of  (nl-n2) matched t h e  e x p e r i m e n t a l  v a l u e ,  
r e s u l t i n g  i n  a un ique  d e t e r m i n a t i o n  o f  N e ,  
The e l e c t r o n  d e n s i t y  p r o f i l e  is shown i n  F i g u r e  4 .  
The u n c e r t a i n t i e s  a re  due p r i m a r i l y  t o  u n c e r t a i n t i e s  i n  
t h e  v a l u e  of  d$ /dz .  
R E C O M B I N A T I O N  COEFFICIENTS 
Using t h e  d a t a  from F i g u r e s  2 and 4, and  e q u a t i o n  
( 4 )  t h e  r e c o m b i n a t i o n  c o e f f i c i e n t s  shown i n  F i g u r e  5 are  
o b t a i n e d . .  Also shown on. t h e  same g raph  are v a l u e s  
d e t e r m i n e d  by Webber (1962)  and by A d a m s  and Masley ( 1 9 6 5 ) .  
The v a l u e s  o r ' i g i n a l l y  r e p o r t e d  by  A d a m s  and Masley s h o u l d  
be c o r r e c t e d  by a f a c t o r  o f  2.27 ( p r i v a t e  communication, 
A d a m s ,  1968) and t h i s  has been done h e r e ,  The  measurements 
r e p o r t e d  he re  show f a i r  agreement  w i t h  t h o s e  of Adams & 
Masley a t  l o w e r  a l t i t u d e s  b u t  i n d i c a t e  f a i r l y  ' l a r g e  
d i s c r e p a n c i e s  i n  t h e  uppe r  a l t i t u d e  r a n g e r  Good agreement  
i s  s e e n  w i t h  Webber e x c e p t  f o r  t h e  middle  p a r t  o f  t h e  
r a n g e .  Here ,  Webber's data  c o u l d  be b r o u g h t  i n t o  c l o s e r  
agreement  i f  h i s  v a l u e s  of X were assumed t o  be  somewhat 
smaller .  Recent  measurements by Hale e t  a l .  (1968) 
i n d i c a t e  t h a t  i t  i s  p o s s i b l e  f o r  X t o  s t a y  c o n s t a n t  w i t h  
a v a l u e  of 3 from 60 t o  65 km i n c r e a s i n g  t o  a v a l u e  of 5 
f rom 67 t o  70 km. I t  can  be s e e n  from e q u a t i o n  ( 4 )  t h a t  
i f  t hese  v a l u e s  o f  X f o r  t h i s  a l t i t u d e  r e g i o n  a re  
s u b s t i t u t e d  f o r  t h o s e  u s e d  by  Webber, t h a t  h i s  v a l u e  o f  
i n  t h i s  r e g i o n  would c o r r e s p o n d  v e r y  c l o s e l y  w i t h  e f f  a 
t h a t  de te rmined  by t h e  p r e s e n t  a u t h o r s .  
CONCLUSIONS 
It i s  conc luded  on t h e  basis  of t h i s  one f l i g h t  
i n  which t h e  low ene rgy  s o l a r  p r o t o n  f l u x  was s u f f i c i e n t  
t o  g i v e  a measu rab le  e l e c t r o n  d e n s i t y ,  t h a t  t h e  method 
r e p o r t e d  h e r e  i s  one of t h e  most d i r e c t  ways t o  d e t e r m i n e  
I t  i s  obv ious  t h a t  t h e r e  a re  s t i l l  d i s c r e p a n c i e s  e f f '  a 
p r e s e n t  i n  r e c e n t  d e t e r m i n a t i o n s  o f  t h e  e f f e c t i v e  recom- 
b i n a t i o n  c o e f f i c i e n t ,  .and t h a t  more f l i g h t s  o f  t h i s  t y p e  
c o u l d  be u s e d  t o  a s c e r t a i n  t h e  c o r r e c t  v a l u e .  
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FIGURE CAPTIONS 
Figure 1 - Integral proton flux versus rigidity measured 
on flight 18.29, 7 June, 1967. 
Figure 2 - Electron production versus altitude, 7 June, 
31967 * 
Figure 3 - Electron collision frequency versus altitude, 
Figure 4 - Electron density versus altitude, 7 June 1967. 
'7 June, 1967. 
Figure 5 - Effective recombination coefficient versus 
altitude as determined by data obtained on 
flight 18.29, 7 June 1.96'7.. 
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